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SUMMARY
This investigation was concerned with extracorporeal oxygenators 
used to support the pulmonary function of patients undergoing open heart 
surgery. Of the two problems investigated, the first was a biological 
study of blood damage. For many years the advantages of membrane 
oxygenators as against direct contact oxygenators have been postulated.
A review of past work shews that many of the physical and chemical factors 
known to cause changes in the blood are not properly understood.
A study of red blood cells using tire scanning electron microscope 
was conducted to obtain greater understanding of the changes that occur 
during clinical bypass. This investigation was carried out with blood 
taken during open heart surgery from extracorporeal circuits which used 
different types of oxygenator. The results demonstrated changes in red 
blood cell Shape and size under different conditions and in particular, 
they were found to undergo the echinocyte transformation.
The second part of the investigation was aimed at providing an 
analytical description of the mechanics of mass transfer in a flat plate 
membrane oxygenator. In order to highlight the general characteristics 
of such a device, the analysis includes consideration of non-reactive 
fluids (e.g. water, saline) as well as reactive fluids (e.g. blood).
Data obtained from a series of tests on an experimental oxygenator agreed 
well with the analytic solution derived for both blood and water. This 
solution illustrated the importance of various parameters and non- 
dimensional groups in the process of gas transfer in an oxygenator. In 
particular, the transfer rate was found to be less sensitive to variations 
in membrane thickness than was at first suspected. Furthermore, it was 
discovered that water may be used as a satisfactory substitute for blood 
in order to predict and test the performance of membrane oxygenators.
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NOMENCLATURE
a  V/z Kt.vgKt ov\
b Width of plates cm
C ^ o Concentration of unoxygenated heme cm Q2
cur* blood
3
k channel height cm
n
D Diffusivity cm /S
Dn Dean number
E t a D02 Wall resistance
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F Normalized fraction oxyhaemoglcbin saturated
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Constant from oxygen dissociation curve
Partial pressure of the gas which is in equilibrium with 
blood or water at the level of gas;torr or rrmHg.
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CHAPTER 1 
INTRODUCTION
Man like other animals needs a steady supply of oxygen, as the 
body has no facility for long-term storage of this gas. Gaseous 
exchange between the internal environment of the body and the atmosphere 
is achieved by respiration. Hie purpose of respiration is to allow the 
cells of various organs within the body to function by the process of 
metabolism. This is the mechanism for conversion of food or nutrients 
to energy within the tissues. A byproduct of this process is carbon 
dioxide which must be removed from the body. Simply, respiration is a 
method of supplying the body with oxygen from the atmosphere and of 
removing carbon dioxide from the body. Gases from the inspired air 
diffuse into the blood in the lungs and the blood in turn is pumped around 
the body within the cardiovascular system by the heart. Figure 1.1 shews 
a diagram of the circulatory system of a human body. A key component in 
tliis circulatory system is the heart, which consists of two pumps housed 
within one structure. A  schematic representation of the pulmonary and 
systemic circulations including the heart is shewn in Figure 1.2.
Blood is a complex suspension of cells in a liquid. These cells
represent about 45% of the blood volume and include red cells (erythrocytes)
white cells and platelets. The remainder is plasma, an aqueous suspension
of proteins, salts and organic solutes. About 90% of the cells are red 
6 3cells, 5 x 10 per cm of blood, nearly 10% are platelets which are 
important in blood clotting, the remainder being white cells.
The transport of oxygen within blood is achieved by physical solution 
of oxygen into plasma and also by chemical combination with haemoglobin, 
within the red cell. Dissolved (physical solution) oxygen represents only 
5% of the oxygen transported by blood. The remaining 95% is carried by 
the red cells as combined (chemical combination) oxygen. This is 
achieved by haemoglobin present within red cells with which oxygen is
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/oosely combined to form oxyhaemoglobin. Haemoglobin consists of an 
iron-containing porphyrin haem united with the protein glbbin. The 
iron in haem is of the ferrous form, with each iron atom attached to four 
pyroole groups by valency bonds. A fifth valency bond of the iron is 
attached to the glcfoin part of the molecule and the sixth bond of the 
iron is available for combination with oxygen (carbon monoxide). This 
reversible reaction of haemoglobin with oxygen is often written as:
Hb + 02------j Hbo2
The molecular weight of haemoglobin has been determined accurately by
several methods, osmotic pressure (Adair) and ultra centrifuge (Suedberg). 
It follows from their work that each molecule of haemoglobin consists of 
four iron atoms and hence four haem groups. From the above equation, 
which is not strictly true, by the law of mass action, the oxyhaemoglobin 
disassociation curve can be constructed (see Figure 4.6) . Figure 1.3 
shows some of the major reactions talcing place when gas exchange occurs
between blood and alveolar gas. These diagrams shew reactions taking
place within the red cell and plasma for both oxygen and carbon dioxide.
For the sake of brevity these reactions will not be discussed. Figure 1.4 
shows the blood flew rate and oxygen usage of the various organs for a 
resting human.
The two principal reasons for the use of extracorporeal (artificial) 
oxygenators cire isolated organ perfusion and the need for cardiopulmonary 
bypass during surgery. The isolated organ requires oxygen and the 
removal of carbon dioxide so that the organ may remain viable. The 
second use arises when surgery must be performed on the heart and/or 
major vessels. During open heart surgery it is necessary to bypass the 
heart and lungs. In this context an oxygenator is connected to a pump 
(artificial heart) to form a heart/lung machine - this being the most 
cannon use of oxygenators. More recently membrane oxygenators have been
13 -
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used for support during the treatment of respiratory insufficiency 
(Wildevuur et al 1971) and acute respiratory failure (Lefrak et al. 1973).
Approximately half of the deaths in the United Kingdom and United 
States of America in 1974 were cardiovascular and of these approximately 
17% were under the age of sixty-five. Figure 1.5 shows the difference 
between the contribution of cardiac and vascular surgery to cardiovascular 
disease, when compared to deaths under the age of sixty-five (Longmore 1975). 
In 1972, 49.5% of deaths, in the United Kingdom were the result of cardio­
vascular disease. From 1962 to 1972 the number of deaths in males from 
ischaemic heart disease increased by 25% to 87,482, compared with 5.3% for 
all other causes over the same period (Lcngmore and Reliahn 1975). These 
results suggest there will continue to be a need for heart surgery. For 
most operations on the heart, a heart/lung machine is required.
Membrane oxygenators have been a topic of research in numerous centres 
for over 15 years. Many of the problems associated with extracorporeal 
oxygenators unfortunately are of an interdisciplinary nature, spanning 
different areas of science (e.g. engineering, biological and material 
science) . The work that has been done on this problem can be divided 
roughly into two groups. Firstly, there is the oxygen transfer 
characteristics of the membrane oxygenator. The other types of oxygenators 
are classified as bubble, film and foam.type. These oxygenators have been 
reviewed elsewhere (Galletti and Brecher 1962). Considerable work has 
been directed at improving and gaining better understanding of the 
mechanics of mass transfer on membrane oxygenators (Dorson 1971,
Lightfoot 1975, Drinker 1972). However, solutions are generally achieved 
by numerical integration of the oxygen-haemoglcbin continuity equation. 
Analysis by a low order approximation technique, put forward by Lightfoot 
(1968) is restricted in its application. Secondly, extracorporeal 
circuits involve major problems of blood trauma. These include the 
reactions of blood (cells, protein etc.) with foreign materials and the
effects of mechanical factors (e.g. shear stress) on red cells (Forstorm 
1969). Furthermore, there is the problem of membrane and non-membrane 
oxygenation affecting the biochemical and biophysical characteristics of 
blood (Lee 1961).
The initial work undertaken in this study was to examine the red 
blood cells of patients undergoing bypass surgery in order to provide more 
information on red cell damage. The experiments were carried out on 
patients undergoing bypass surgery, as only in this way could one account 
for the combined effects of the extracorporeal and vascular system factors. 
This type of experiment may be conducted in vitro, but, biochemical 
parameters are difficult to control in a manner which simulates the human 
body. The effect, if any,of intereaction between artificial and natural 
systems would not be included. Clinically based experiments were carried 
out with different types of oxygenator and it is hoped that the results 
will help to sort out the controversy over direct blood-gas interface and 
membrane oxygenators.
The latter work examines the mechanics of mass transfer in a simple 
laminar flow oxygenator. If advances care to be made in oxygen transfer 
in membrane systems, the importance of the various parameters should be 
understood. A series of experiments varying the fluid flew rate and 
channel height in such an oxygenator was conducted.
In this report the background of blood trauma, theoretical and 
experimental work on gaseous exchange of membrane oxygenation is reviewed. 
These reviews include data on the clinical use of membrane oxygenators.
In Chapters 6 a description is given of the techniques and results
of the scanning electron microscope study. These results show comparative 
changes in red cell shape and size for different types of oxygenator 
during open heart surgery. Furthermore some of the probable causes of 
these changes are considered. In Chapters 7, 8 and 9 the results
-  15 -
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obtained experimentally of the oxygen transfer rate into blood and water 
in a laminar flow oxygenator are given. The results are then compared 
with a solution of the oxygen-haemoglcbin continuity equation. A 
similarity method, as used for example in laminar boundary layer theory, 
provided a solution to the equation of motion for the flew in these 
oxygenators. Comparisons of these results are made with those of Semby 
and Grimsrud (1974) for a similar oxygenator.
*********
OXYGENATORS
2.1 INTRODUCTION
Open heart surgery has been routinely carried out for several 
years in many hospitals, supporting the life functions of the 
patient with a heart /lung machine. The heart/lung machine consists 
of an oxygenator, which has the purpose of replacing the function of 
the lung and a roller pump to act as the prime mover of the blood, 
replacing the heart. The machine may be used in many different 
configurations, depending upon the type of bypass (perfusion) and 
operation. Hie arrangement of the various elements and types of 
circuits are discussed by Galletti (1962).
A list of the principle functions of the natural lung are 
contrasted with those of the direct interface and membrane artificial 
oxygenator, and are shown below.
Natural Artificial
direct interface 
Membrane blood/gas
-  17 -
CHAPTER 2
Oxygen uptake
Carbon dioxide removal * *  #
Control of ph *  *
Blood volume control * ?\v
Filtration * Jr-'ft
Other functions such as humidification and temperature control, may 
be controlled in both types of artificial oxygenator by adding the 
appropriate device.
2The lungs have an approximate area of 75m , and a patient 
breathing air can oxygenate up to 40 litres of blood per minute, 
exchanging as much as 6 litres of oxygen during that period. In • 
contrast extracorporeal oxygenators are only capable of operation at 
basal blood flow rates of 5 litres/min. and exchange 200*300 mL02 per 
min. when supplied with 100% oxygen. Clearly such devices are not
.../
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intended to replace the lung, but just support life for a limited 
period.
The majority of clinical perfusions carried out today still 
.employ direct contact oxygenators (bubble) which are considered 
traumatic to the blood. These oxygenators are regularly.used to 
allow complex surgery within the heart for several hours.
For over 15 years, Lee (1961) has been suggesting that the 
membrane oxygenator is less damaging than the direct contact 
oxygenator and would allow safer bypass periods. However, even today 
they are not widely used during bypass. The advantage of the 
membrane oxygenator when considering the criterion of damage will be 
discussed in another section. This section will consider the 
performance of membrane oxygenators as gas exchanging devices. There 
are several types of oxygenators, but these may be placed into two 
broad groups as summarised belcw.
Types of Oxygenator
1) Direct interface blood/gas
Bubble
Disc
Screen
Blood-liquid interface (Li 1973) .
2) Membrane interface blood/imembrane/gas 
Stationary
Sandwich (plate)
Capillary blood or gas
Moving
Rotating
Oscillating.
The direct contact oxygenators have been reviewed by Galletti (1962) 
Allan (1958), and the membrane by Nose (1974), Drinker (1972) and 
Lefrak (1973) . This Thesis will only be directed at membrane 
oxygenators, but with constant reference to the direct contact 
oxygenator as a comparison, and clinical reference.
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2.2 MEMBRANE OXYGENATORS
Hie first reported clinical use was by Clcwes (1956), who used 
a 12 unit membrane oxygenator, which was composed of a teflon membrane 
held in position by gas pressure. Since that date many oxygenators 
have been used clinically, several of which are commercially available: 
Lande-Edwards, Branson, Travenol modulung. Hie basic feature of all 
membrane oxygenators is that there is no blood/gas interface, a 
factor known to be highly traumatic, (Lee 1962) . Instead a gas 
permeable membrane' is placed between the gas and blood, through which 
the gas diffuses into the blood. Over a period of time several 
.workers (Melrose 1958, 1959 and Clark 1959) have recommended the 
requirements of an ideal extracorporeal oxygenator, based on clinical 
and research experience. These have been summarized by Galletti (1962) 
and are as follows:
1. The artificial lung must oxygenate up to five litres of veinous 
blood per minute to the range 95-100% saturation. This implies that 
about 30CmL (STP) of oxygen must be transferred per minute to raise 
the saturation from 65% (venous) co 95% - 100% arterial.
2. Simultaneously the gas exchange device must remove carbon 
dioxide in appropriate amounts to avoid either C02 retention 
(respiratory acidosis) or C02 depletion (respiratory alkalosis).
3. The priming volume of such a device, should be kept within 
reasonable limits, and balanced against the capacity to exchange 
oxygen and carbon dioxide. Large priming volumes become unacceptable
when this approaches the patients blood volume. Today blood is not 
frequently used to prime circuits. Therefore the effects of 
dilution must be considered.
4. Damage to the formed elements and denaturation of plasma proteins 
of the blood in the oxygenator should be minimized. This should 
ideally be zero and will be discussed later.
- 20 -
5. The oxygenator must be simple and dependable. This includes 
operation, sterilization and assembly.
Criterion one, two and three are easily satisfied by bubble and 
film oxygenators. However current clinical membrane oxygenators 
can only oxygenate blood (criteria one and two) using devices with 
large surface areas and, usually, large priming volumes. Therefore 
they do not satisfy number three. Criterion four is most important 
for long periods of perfusion and for extending the future use of 
blood oxygenators. It is suggested in the literature that only 
membrane oxygenators may satisfy this criterion. Criterion five is 
met by both groups of oxygenators, as the majority are disposable.
At present membrane oxygenators are approximately 2-3 times the cost 
of a bubble oxygenator for an adult patient.
Membrane oxygenator designs may be classified into three broad 
types. The first type consists of flat membrane sheets with blood 
and gas on opposite sides of the membrane. The membranes are stacked 
in parallel to form a sandwich construction of alternating layer of 
blood and gas (Lande 1970, Pierce 1968 and Branr>sonl972) . A sub­
division of the 'type', employs membranes, with protuberences or 
membrane supports, that promote mixing within the blood phase, 
therefore increasing the rate of oxygenation. Problems of 
maintaining a constant blood layer thickness, and distribution, are 
overcome by using pressure shims. The second type consists of a 
collection of small membrane tubes, arranged in a similar manner to 
a tube heat exchanger, in which the diffusion path length is 
minimized (Zingg 1970, Dulton 1971, Kaye 1973) . Tlie main 
disadvantage is the high pressure drop across the tube length., and 
lade of even flow distribution to the capillaries by the manifold.
In both types the channel height (or diameter) through which the
APPROXIMATE THEORETICAL RESISTANCE TO DIFFUSION IN A BLOOD FILM 
THROUGH A SILICONE RUBBER SEMI PERMEABLE MEMBRANE OF CONSTANT DIFFUSION
BLOOD FILM THICKNESS . OXYGEN EXCHANGE % RESISTANCE
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FIGURE 2 .1
Microns iiL/m2/iriin. at 37°C
10 262 21
50 146 53
100 94 71
150 69 79
200 55 86
300 39 88
Gas/gas diffusion of membrane = 33ChiL/m2/min. at 37°C 760 Torr
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blood flows is relatively small. ihis has been found to cause the 
formation of thrombi, but is particularly evident in the second type 
(Freidman 1971, Dutton 1974). Other associated problems are caused 
by the collection, and uneven distribution of the blood to the 
multi channel devices, resulting in uneven flow rates. These 
distribution headers are preferential sites for thronbogensis. The 
third group of oxygenators are generally made up of tubes which are 
wound spirally on a support, and these are frequently oscillated 
(Dinker 1969, Murphy 1971, Melrose 1972). Hie tube diameter 
(effective channel height) is normally larger than in the two proc­
eeding types, but these devices have increased oxygen transfer rates. 
These types of devices will be described in greater detail in the 
section on oxygen augmentation.
2.3 BOUNDARY LAYER LIMITATIONS
The major problem in membrane oxygenators is to design and 
construct, devices which will transfer the required amounts of oxygen 
and carbon dioxide which does not have a large surface area, thus 
reducing the oast. This is due to the rigorous design requirements 
for an effective oxygenator. Transfer of gasses in such a device 
is dependant upon the combined resistance of the membrane and blood. 
Ihis is demonstrated in Figure 2.1.
A static blood film thickness is varied, and shown to be the 
principal resistance. This is due to the poor solubility of oxygen 
in blood (Peirce 1968).
Many methods have been used to overcome this problem, by 
minimizing the boundary layer thickness to decrease the resistance to 
transfer. Many of the methods used to reduce the boundary layer 
are shown in Figure 2.2 with the appropriate workers.
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Testing
There is no accepted method of measuring the transfer 
characteristics of an oxygenator, but a standardized method has been 
suggested by Galletti (1972). Salzman (1972) presents an analysis 
of the various methods of testing oxygenators with the advantages 
and disadvantages of in vitro and in vivo results. It is suggested 
that gas to gas and gas to water exchange may be used to predict the 
performance (Richardson 1971). This may be acceptable if a suitable 
model was available to knew the relationship between blood and water. 
Until this is known the results may lead to artifacts and errors.
Semby (1973) suggests that water may be used as a quality control 
test for production oxygenators and is based on a mathematical model.
Further tests such as biological interactions should be carried 
out in vitro and later in vivo, to study the effects of material, 
and the fluid mechanics of the blood. Hie-type of animal and blood
should be carefully chosen as there is considerable variation in the 
properties ( Forstrom 1969) . An indication of the importance of 
the material used, was shewn by Peirce (1969) when a 50% reduction 
in haemolysis was achieved by using a different glue in an oxygenator 
circuit under controlled conditions.
2.4 CLINICAL MEMBRANE OXYGENATORS
Hie type of construction and the gas transfer characteristics 
of clinical membrane oxygenators are given in this section to provide 
a comparison of performance and to show the methods used to achieve 
this performance. Three oxygenators will be described:
A) Travenol Modulung, B) Travenol Modulung-Teflo and C) Lande-Edwards. 
as these are used routinely at various hospitals. The travenol 
modulung-teflo is not a silicone rubber membrane oxygenator, but uses
a teflon copolymer (Du Pont) and demonstrates the changes in 
performance which can be achieved by using a different membrane 
material.
A) The Travenol Kbdulung membrane oxygenator uses a silicone
rubber membrane to separate the blood and gas phases. The
oxygenator unit is available in a range of sizes, with the unit
consisting of a series of modules; each module having a membrane
2
surface area of .75m . These modules are jointed in parallel to
2
meet the requirements of gas exchange, e.g. 4 modules given a 3.0m
membrane oxygenator which has an oxygen transfer of 150 mI02/min at
a rated flew of 2,400 mL/min. There is also a smaller model which
2
is designed on the same principle, having an area of 0.25m to be 
used for infants. The data is included in the following table 
(Figure 2.3). This is taken from the sales information of Travenol.
FIGURE 2.3 
TABLE OF DATA ON THE TRAVENOL MODULUNG
Membrane area m 0.25 0.75 1.5 2.25 3.0
Maxm  inlet pressure Torr 200 200 200 200 200
Rated flow mL/min. 250 +50 1500 2250 3000
Rated flow for total 
bypass mL/min, 200 600 1200 1800 2400
02 transfer at rate 
flow imL/nujn. 12.5 37.5 75 112.5 150
2
02 transfer per m 2 
at rated flow mL/min m 50 50 50 50 50
Pressure drop torr 30 50 55 55 60
Priming volume mL 75 150 300 450 600
Cost June 1974 £ 21.80 38.00 75.00 - 145.00
Tlie modules or units are supplied ready for assembly as they are sterile 
and non-pyrogenic. Each unit consists of a silicone membrane folded 
into 26 layers and a vinyl coated fibreglass mesh is folded and inter-
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folded on the gas side. Twelve nylon mesh blood path spacers are 
inserted between the membrane folds on the opposite side to the 
fibre glass mesh as shown in Figure 2.4. This is bound in silicone
adhesive to ensure that blood only comes into contact with silicone 
rubber.
The blood- filmer (spacers) increases mixing of the blood at the blood- 
membrane interface in order to reduce the effective blood film 
thickness adjacent to the membrane and increase oxygen transfer. The
blood and gas spacers are designed to maintain the correct spacing 
between the meiribrane layers at a shim pressure of 150 mrHg. The shim
FIGURE 2.4
CROSS SECTION OF MEMBRANE AND SPACERS IN
THE MQDULUNG OXYGENATOR
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pressure is achieved by replacing one of the blood spacers with an 
inflatable bag. This bag is subjected to an internal pressure of 
150 mnHg. This has the effect of reducing the priming volume. It 
also equalizes the blood path resistance and helps control blood film 
thickness. Typical results frcm the experiments of Boyd (1972) are 
shewn in Figure 2.5 showing the variation in oxygen transfer rate with 
flow rate. Hie transfer is 40% lower than claimed by the 
manufacturer at the rated flow.
B) The Modulung-Teflo membrane oxygenator is designed and constructed
in a similar manner to that described in section A) . The device does
not use a silicone rubber membrane but a micro porous teflon membrane.
The oxygenator is a single self-contained unit and has a surface area 
2Of 2.25 in , which is capable of total bypass support for adult 
patients with blood flew rates up to six litres per minute. Figure 2.6 
shows the oxygen performance characteristics of the teflo oxygenator 
under various conditions.
C) Lande-Edwards membrane oxygenator. This is available in 1, 2 or 
23 m size to match the requirements of the patient. Hie silicone 
rubber membrane sheet is 0.004" in thickness and forms capillaries by 
being depressed into the grooves on the support plate, by the pressure 
of the blood. The blood is distributed between adjacent layers of 
mentorane, which form approximately 1,440 capillaries 3cm in length, 
2Cmils apart.
Results of oxygen transfer and pressure drop against blood flew
rate are shewn in Figure 2.7. It may not be realised that the larger 
23 m unit will only support a patient of 21 Kg. Therefore for a
full adult 3 units would have to be used, taking a priming volume of
21500mL. These 3 m units cost approximately £140 each.
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The cost of an oxygenator to support a patient for total cardio 
pulmonary bypass varies considerably and is dependant upon the type of 
oxygenator used. Hie cost of a Temptrol Q-200A bubble oxygenator for 
an adult patient is £98, compared with £320 for a Lande-Edwards 
membrane oxygenator for a similar adult patient. Hie modulung
2
silicone-rubber membrane oxygenator would require two units of 3.0 m 
and have a priming volume of l,20QnL for a similar patient, the cost 
would be £290. Hie Teflo membrane oxygenator has a blood flow rate 
of 6 L/min., and is able to support adult patients. This oxygenator 
costs £140 and has a priming volume of 40QmL, vbich is similar to the 
bubble oxygenator.
2.5 SUMMARY
A great deal of literature is available on the performance of 
membrane oxygenators, during bypass on conscious animals (Lande 1969). 
Melrose 1974, Kaye 1973, McCullough 1973) and children (Boyd 1972,
, Wright 1973) . Ihis also includes clinical experience of a large 
number of adult patients (Lande 1972, Carlson 1973) . To date membrane 
oxygenators have been used for periods up to 9.5 days, in several 
cases successfully (Hill 1972) . Hiere are also papers on the use of 
membrane oxygenators for respiratory support (White 1973, Hill 1973, 
Joseph 1973) and comparison with other types of oxygenators (Kirish 
1973) . Ihere is also a large group of papers on the evaluation, 
performance and testing of these oxygenators (Trudell 1972, Bramson 
1972, Dutton 1971).
It has been shown that the artificial oxygenator is capable of 
supporting a patient for the purpose of open-heart surgery. Hie 
literature has indicated that membrane oxygenators of various sizes 
and configuration have been used for animal and clinical support. 
Active devices, such as the torus oxygenator, to be discussed in 
greater detail later, have not been used clinically to date..
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Hie present cxest of membrane oxygenators is higher than that of 
the inferior bubble oxygenator, but may be reduced by increasing the 
transfer rate per unit area of membrane and reducing the contact area 
of the blood. Before the mechanisms of oxygenation may be examined 
the haemodynamics of blood flow must be considered. As blood is a 
complex fluid with many non-linear properties, it may be described as 
a non-Newtonian, non-Frickian particle laden colloid. Many of these 
properties are either ignored or assumed constant for the purpose of 
theoretical investigations. However, it is important to be aware of 
these properties.
*********
CHAPTER 3 
tlA£i£DDYNAMICS
3.1 INTRODUCTION
'Hie subject of haemodynamics deals with the physical phenomena 
related to the flew and.pressure of blood, and consists of several 
distinct divisions, depending on the ultimate physiological, or 
medical aims, or the specific circulation examined. Most studies 
are related to in .vivo flew conditions such as in large arteries or 
veins, in the capillary neds, or at the sites of pathological changes. 
Haemodynamics is important in the study of oxygenators as it indicates 
the importance of various physical properties of blood. The 
particulate nature of blood is normally ignored, when describing the 
oxygen transfer in terms of a continuum equation (model). It should 
be remembered that less than 5% of the total oxygen is carried by 
simple physical solution, the majority being transported in the red 
cell by a reversible chemical reaction. Therefore the position in 
space of the red cells within flowing plasma is important. Since 
blood has such unique viscosity behaviour, it will be discussed in 
greater detail in order to indicate when blood may be considered a 
Newtonian or non-Newtonian fluid. Then under the heading of axial 
accumulation, we will consider blood as a suspension of particles (red 
cells) in plasma and discuss the apparent reduction of viscosity and 
the migratory tendency of flowing blood to leave a red cell free layer 
next to tiie wall. Hiis is important in membrane oxygenators as there 
is tendency of the red cells to migrate away from the membrane wall, 
the source of oxygen. Under certain conditions it must also be 
considered where the cell-free layer has a thickness approaching the 
diffusional boundary layer thickness (Lightfoot 1974) as this would 
give lower transfer rates of oxygen.
This review will only cover those aspects of haemodynamics which 
pertain to extra-corpereal circuits, but will briefly give an indication
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of the major works In the various areas. In large vessels (arteries 
and veins) where the particulate nature of the suspension and non- 
Newtonian flew behaviour are important, and to a lesser extent the 
effects of pulsatile flew and pressure wave propagation are reviewed 
by Jones (1969), Taylor (1973) and Fung (1971). In the micro­
circulation through capillary beds, the red cell diameter may be equal 
to or larger than the. vessel diameter. The behaviour of the 
individual cells must be considered to account for the flow behaviour. 
There are several reviews by Bungay and Brenner (1973), Skalak (1972) 
and Fung and Zweifach (1971). Local effects, such as flow rates at 
bifurcations, stenoses and obstructions have been studied by 
Barge (1972 a, b), Goldsmith (1972) and Patel (1974).
Human blood is essentially a suspension of 40 to 50% by volume 
of red cells (erythrocytes) which represents 90% of the particle 
matter. Normally the term haematocrit is used to relate the volume of 
red cells to that of the whole blood, and is given as a percentage. 
White cells or leucocytes of various types are larger than red cells, 
but far fewer; and the platelets are more numerous, but far smaller.
In the resting state a human red cell is a biconcave disc as shown in 
Plate 3 by scanning electron (microscopy. Wnen blood is stationary 
the red cells aggregate to form rouleaux, and when flowing in dilute 
suspensions the red cell shape depends upon the magnitude of the local 
shear stress (Goldsmith and Mason 1962).
3.2 VISCOSITY
Viscosity is a fundamental concept which is important when 
considering any fluid. Many fluids used in engineering may be 
considered to be newtonian, e.g. water. This means that Newtons' law 
of viscosity is obeyed; implying'that the viscosity is independent 
of the velocity gradient in.straight, parallel flow. There are
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fluids in which this is not true, but that the viscosity is dependent 
upon the rate of shear in the fluid. These are referred to as non- 
newtonian fluids. Fluids which have reduced viscosities at high 
rates of shear are said to be "pseudo-plastic"; blood, milk, liquid 
cement and clay are colloids which fall into this category.
The viscosity of blood has been a topic of interest for over a 
century. It was first investigated by Poisseuille, the famous French 
physician after whom the unit of viscosity is named. The next 
important advances were in 1931 when Fahraeus and Lindquist published 
results shewing a decrease in apparent viscosity in capillaries of 
decreasing diameter.
Brundage (1934) is considered the first to study viscosity as a 
function of shear rate. He tested both blood and plasma and found 
that while plasma was independent of the speed of rotation, the 
apparent viscosity of blood decreases with increasing speed. Wells 
and Merill (1961) converted Brundage, rotational speed, to shear rate, 
realising the importance of shear rate in blood when quoting values of 
the viscosity. Later, Wells (1962) measured values for red cells 
suspended in saline, and found a large variation in viscosity.
Other workers have produced viscosity/shear rate characteristics, 
Whitmore (1967) produced such a curve of other workers' results and 
treated them statistically and these are shewn in Figure 3.1. From 
Figure 3.1 the 95% probability limits appear close to the mean at 
first glance but at lew shear rates there is a considerable error.
This implies a large variation between different workers' results.
For higher shear rates the viscosity becomes fairly constant, thus 
for higher shear rates (above 100 sec”'1') blood may be considered as a 
newtonian fluid. The measurement of blood viscosity is well documented 
by Charm and Kurland (1974) and its clinical implications by
- 37 -
Dintenfass (1972) . Tlie significances of temperature and haematocrit 
in blood viscosity are well established and this information is given 
in many reviews (Weale 1966) and textbooks.
3.3 AXIAL ACCUMULATION
Axial accumulation has been discussed by many workers, but today 
there is still disagreement and controversy. It is suggested by 
several workers that axial accumulation is the cause of the changes in 
viscosity of blood flow with shear rate. There have been many 
investigations since Fahraeus and Lindquist first observed the 
migratory tendency of erythrocytes, both theoretical and experimental. 
Most of the observations and analyses have shown a maximum cell 
concentration at the centre of the flow, with a flat profile through a 
large portion of the central core, and the local haematocrit drops to 
zero rapidly near the wall, as shown in Figure 3.3.
FIGURE 3.3
Concentration distribution of red 
blood cells in narrow flow 
channels; A, general observation;
B, Segre and Silberberg's tubular 
pinch effect.
Segre and Silberberg (1961, 1962) have shown that the maximum 
concentration does not occur at the centre but at approximately 0.6 
fractional radial distance from the centre, as shown in Figure 3.3 as 
curve B. The so-called "tubular pinch effect" is thought to be caused 
by the inertia of the moving fluid. Hie existence of a lift force due 
to fluid inertia on small neutrally buoyant spheres in an unbounded 
shear flow was demonstrated theoretically by Saffman (1965). Expressions 
were developed by Cox and Brenner (1968) which showed that the direction
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of migration depends on the particle fluid density difference. It was 
shown by Goldsmith and Mason (1971) that aldehyde fixed red cells in 
saline migrate to an equilibrium radius of R = 0.6 Ro.
The underlying theory behind the axially migratory tendency of the 
red cells in not totally understood, but Goldsmith and Mason (1961, 1962 
1967, 1971) have made detailed theoretical and cinematographic analyses 
of the behaviour of particles of various shapes. Their work is 
reinforced by Bloch (1962) who used a photography technique to make 
direct measurements of the plasma layer thickness in large vessels in 
frogs. Charm et al (1968) agreed with the plasma layer thickness results 
of Bloch and with the cell distribution suggested by Bugliavello (1970) 
and Palmer (1965, 1969) . The work of Brenner (1966) suggested that the 
inertial and wall effects together with the deformation of cells’ were 
responsible for the movement of the cells. Hiis agreed with-Goldsmith 
and Mason, who furthermore suggest this was not true for rigid particles
Hie plasma layer which develops next to the wall due to the 
migration of cells has been given several names including "Fahraeus- 
Lindquist" effect, "vand wall" effect or "sigma effect". The latter 
was given by Dix and Scott-Blair (1940) when studying clay particles in 
suspensions. It is generally considered that the layer is primarily 
due to the axial accumulation of cells. The particle free zone at 
the wall at any given time is not constant and varies along the length 
of a tube, but fluctuates about a mean value (Kamis 1966) . For a 
given particle size, the mean equilibrium layer thickness decreased 
with increasing concentration. This suggests a two phase flow with a 
central core of high viscosity, surrounded by a layer of low viscosity 
which has been observed at lav Reynolds numbers by Bayliss (1952) and 
Kokelet (1972).
The migratory tendency of the red cells in flowing blood is
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important in membrane oxygenators for two reasons. The red cell is 
the. major carrier of oxygen within the blood, and if these cells move 
away from the source or supply of oxygen at the membrane wall, the 
effective diffusion path length is increased, thus increasing the 
resistance to diffusion. The latter reason, is associated with blood 
damage, because red cells have been observed to hit walls and this is 
thought to be a major cause of blood damage. These two points will be 
explained in latter sections.
It has been noted by Copley (1971) that tubes coated with f ibrin 
offered less resistance than a glass tube to blood flow. This 
phenomena is not fully understood in the context: of hydrodynamic 
principles. Suggestions are that the effect of the electric charge on 
the tube wall and the red cell may be Important. Generally most cells 
have a negative charge (Sawyer 1965) . When the tubing wall has a 
negative charge the flow resistance to the red cell is lowered, Charm 
(1974) discusses the effect of these charges on walls, cells and plasma 
proteins.
The theoretical analysis is usually based on single cells which is
unrealistic when dealing with blood having a concentration of particles 
6 3of 5 x 10 per cm . Iri these crowded conditions cells will interact 
with each other in a shear field. The frequency of two-body 
collisions has been considered by Goldsmith and Mason (1967). But 
contact is not made when particles approach on curvilinear paths. This
is shown in a theoretical study of the trajectories of two rigid 
spheres in a shear flow by Batchelor and Green (1972) .
Many authors have tried to explain the anomalous flow behaviour of 
blood in terms of continuum theories, taking account of the particulate 
nature of the fluid. There have been recent reviews by Ariman et al 
(1973, 1974) and Cowin (1974). Hie results have not been totally 
successful, and the application of fluids with microstructure remains 
largely unproven for blood flow.
OXYGENATION
4.0 INTRODUCTION
Heart-lung bypass for short term surgery did not take place until . 
1953 (Gibbon 1954) but there has been discussion in the literature for 
over a century (Galletti 1962, Hewitt 1966). As discussed earlier the 
machines most frequently used clinically are direct-contact oxygenators, 
but. these are not entirely satisfactory in the present form.
Consequently patients should not be subjected.to heart bypass for more 
than a few hours. Since it is highly desirable to minimize the 
traumatic aspects of the bypass system, the majority of researchers are 
working on membrane oxygenators, as these appear to be least damaging 
to blood and hence the greatest potential interest.
Due to the high rate of transfer in direct contact devices (disc,, 
bubble, screen) empirical or trial and error techniques were adequate 
for design purposes. There was little clinical impetus to pursue the 
theoretical oxygenation studies, until the advent' of the membrane 
oxygenator, where there is a passive blood-membrane surface, which 
increases resistance to mass transfer. This replaces the highly active 
liquid-gas surface. This leads to an increase in overall size and 
requires a larger priming volume, which is not totally satisfactory 
(Galletti 1962). Due to these limitations it is necessary to evaluate 
oxygenator performance from a more rigorous point of view.
Such mathematical descriptions (models) are, at least in principle, 
useful both for designing oxygenators and for optimizing operating 
conditions. The commonly used mathematical models will be reviewed 
and a comparison made of these results with experimental data. There 
are very few existing analyses known to the author which do not use 
numerical methods to solve the equilibrium equation with a variety of 
boundary conditions. This is surprising, as there are many simple 
and reliable approximation methods, used in heat and mass transfer 
applications (Carslaw and Jaeger 1959, Jost 1952) which is analogous to
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diffusion (Crank 1975) .
These other mathematical approaches include the advancing front 
concept (Lightfoot 1968, Dor son 1968 and Marx et al 1960) and 
analytical solutions for simple geometries by Hershey (1968) and 
Landino (1966). It should be noted that there is little mention of 
carbon dioxide removal, probably because it proceeds at a faster rate 
through the blood than oxygen. In other words, oxygen transport is 
the rate-limiting step (Dorson 1968, Spaeth 1967).
4.1. REVIEW OF OXYGENATION MODELS
This review will consist of the most popular models used today.
Hie "zeroth-order" approximation model proposed by Lightfoot (1968) 
which is an extension of the work of Max et al (1962). This is commonly 
known as the advancing front theory (A.F.T.). Many studies have been 
based upon the A.F.T. approach.
Hie second model for the blood oxygenation, transfer process involves 
a mass balance of oxygen. Including the equilibrium relationship 
between plasma and the red cells (Buckles 1968, Chang et al 1971,
Cantekin and Weissman 1975, Seirby and Grimsrud 1974). This combined 
continuity equation for dissolved and combined (oxyhaemoglobin) oxygen 
is solved by numerical integration.
Model 1 ZERQIH-QRDKR APPROXIMATION
.This approximation method was proposed by Lightfoot (1968) and 
supported by Dorson et al (1971) . It is hoped the following brief 
analysis will give a physical insight into the nature of the model and 
transfer process. In the zeroth-order approximation, the system can 
be considered to consist of two zones as shown in Figure 4.1. In the 
outer zone it is assumed that the haemoglobin is fully saturated and
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oxygen transport is primarily by diffusion. In the centre region 
haemoglobin is assumed to be the same state as at entry to the 
oxygenator (i.e. venous blood).
f \ O U
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FIGURE 4.1
ZEFQTH-QRDER I'PDEL OF A  BLOOD OXYGENATOR
Ihis leads to the advancing front -theory (Lightfoot 1968) in which the 
oxygen transfer (No2) is represented by the progressive movement of the 
saturated blood zone into the zone of blood "desaturated" or inlet 
condition. (For more detailed information see Lightfoot 1968.)
Consider a parallel flat plate oxygenator consisting of two parallel 
membranes with blood flowing between them with a velocity V(y) and 
the opposite sides of the membrane exposed to oxygen at a pressure Pq .
FIGURE 4.2
The terns for Figure 4.2 are given in the nomenclature. 
For parallel flat plate geometry the velocity profile is:
V(y) = |  V (1 - )
where V - average velocity. 2h is the distance between the membrane
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and y is the distance coordinate perpendicular to the membrane.
The flux of oxygen (No2) into the blood across the membrane by diffusion 
(Fick's law) is given by;
Non = P (Pg - Pw) ...(1)
t
Where P is the membrane permeability and t the thickness; and diffusion 
through the blood region R< y< h is given by;
No2 = ' a Do2 (Pw - Po) ...(2)
h-R
There is no reaction within this region as it is assumed to take place 
at y = n (Tlie advancing front theory.)
The flux of oxygen may be written in terms of the total driving force by
combining equation (1) + (2).
No 9 = Pg - Po __(3) R<y<h
h-R , t   + —
aDo2 P
Where Pg and Po are the oxygen partial pressure in the gas phase and the 
inlet oxygen tension in the blood (venous). The solubility and 
diffusivity of oxygen are symbolized by a and Do2 respectively.
In the unoxygenated region o<y<R the flew rate of unoxygenated haemoglobin
along the axis of oxygenator is given by Lightfoot (1968). 
Hbo
/ RQ = /  b V(y) dy ...(4)
'  o
Where is the concentration of unreacted heme, which is four tipss
the unreacted haemoglobin as described earlier. Then allowing the 
oxygenation reaction with haemoglobin to be described simply by 
Hb + ° 2  •+ Hb°2 rate °i change of the inner core (venous) to
the outer zone (saturated) must equal the input of oxygen to the system:
■ = No 2 b ... (5) (Lightfoot 1968)
Where b is the membrane width.
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Substituting equation (4) and (3) into (5)
,R
b (Pg - Po) _ d b CHbo V(y) dY
*2=5 + £
a Do,, P
dx
Using Leibnitz formula for integration of
Pg - Po 
CHbo
h - R , t
a D 5 ~  + “ V(R) dR dx2 P
and putting into dimensionless form q = R/h and integrating
(Pg - Po) aDo2 ■q
c,'Hbo 3 V h2 
2
( dx = - /
o J 1
1 - q + t aDo- 
h r,
(l-q^)dq ...(6)
let E = t aDo2 (wall resistance) 
h — —
by integrating and re-arranging equation (6)
_8 (Pg-Po) aD02 x
S-Ibo lb?
let NGR = (Pg - Po) 
CHbo
aDo2 
4h?
5 . 2
12 + q _ q
X
V
q3 + q^ - E(2/3~q+q3/3)...(7)
...(8)
The fractional saturation change, normalized by the total amount of 
change to full saturation is given by Lightfoot (1968) as:
F = Qout - Qin or Vout - ¥in
Qfull sat. - Qin Yfull sat. - Tin
Hie region of clinical interest is within the exit normalized fraction 
saturation (F) of
.95 - .65 = .85
1.00 - .65
It has been shown by Lightfoot (1968) that
F = 1 - 3  (q - 2 3)
2 3
But then substituting (8) and (9) into (7)
NGR - 5 - 3  ( q - q - q  + q )  + 1_ F.E.
...(9)
...(10)
32
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It can be seen from equation (9) that specifying the normalized 
fraction saturation (F) at the exit, positions the advancing front q
at the exit. When the wall resistance (E) is constant the modified
Graetz number (N^R). is fixed as seen from equation (10). Figure 4.3 
shows a plot of normalized fraction saturated (F) versus modified 
Graetz number with different wall resistance (E). The modified Graetz 
number (N^) may be put in the following non-dimensionless groups
= a (Pg-Po) L Do2 = f a  (Pg-Po)) 1 x
Sfco ¥ 5? \ Sibo 4 / BeSc D
Hie N„d may be sub-divided into several parts:LlK
1) a (Pg-Po) which is dependent upon the blood and gas used in the
Shdo
oxygenator.
2) L Do2 is the ratio of the residence time (time an element of
fluid spends in the oxygenator) to the characteristic blood diffusion 
time.
Figure 4.3 shows the effect of changing wall resistance (E). The 
wall resistance (E) can be expressed as a percentage of the overall 
resistance. Assuming the geometry of Figure 4.2 and results of 
Figure 4.3, it can be shown that the wall resistance (E) is quite small 
(~ 2%) at the clinical values of F.
A  possible method of increasing oxygenation would be to change the 
velocity profile. Figure 4.4 shows F vs for several velocity 
profiles for the same geometry.
Experiments of Dorson et al (1971) show a comparison of this 
"zeroth order" approximation with experimental data. Figure 4.5 is 
reproduced frcm Figure 1 of the above paper. The model predicts a 
lower normalized fractional saturation than is found experimentally.
The value of the diffusion coefficient must be changed by 40% to cause
- 49 -
the model to fit the experimental data. Hie diffusion coefficient of 
oxygen in blood, varies, by at least 100% in the literature. It is not 
clear how well the "zeroth approximation" predicts the oxygenation of 
blood since variations are-large for diffusion coefficient of oxygen.
Model II - EQUILIBRIUM MODEL
Hie second model for blood oxygenation involves a mass balance
of oxygen. Hiis includes the chenicalljcombined oxygen within the red
cell. This is sometimes known as the oxygen-haerooglobin continuity
equation. ■ This equation has been used by.several-authors namely,
Buckles et al (1968), Chang et al (1971), Semby and Grimsrud (1974), and
Cantekin and Weissman (1975). The main assumptions are as follows;
1) Hie time of reaction for the uptake of oxygen from the plasma into 
the erythrocytes is negligible compared with the time required for 
diffusion into membrane and plasma. If this is true then the chemical 
combined oxygen is governed by the oxygen disassociation curve.
2) The resistance to oxygen diffusion at the blood-menforane interface 
is negligible.
3) Hie transport across the interface may be described by i Pick's law.
4) Plasma is assumed to be an homogenous solution.
5) The.physical properties of blood are constant.
6) Blood flews in the x direction only.
7) Metabolic oxygen consumption is negligible.
8) Hie carbon dioxide concentration is constant, neglect the bohr 
effect.
9) The red cells are distributed uniformly ttaougnout the liquid.
By applying these assumptions, the following partial differential
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equation may- be obtained (Dindorf et al, 1971) .
. . .(11)
D }>2P = V* fciP I 1 + f t  dl
by2 . 5x V a dP
The percentage oxygen saturation is denoted by Y while the tension, as
X vjy
defined previously, is given by P. The term ^  is the slope of oxygen 
equilibrium curve for oxyhaemoglcbin saturation versus oxygen partial 
pressure in the plasma. This is a non-linear term as shown by the 
oxyhaemoglcbin dissociation curve in Figure 4.6. Equation (11) has been 
solved numerically by Semby (1974) using Hills empirical based equation 
for the term. Hills equation may be stated as follows:
Y KPn ...(12)
(1 + KP)n
where K and n are constants determined by the oxygen dissociation curve
of blood. Substituting equation (12) into equation (11) gives (see
Semby 1974):
D ^ 2  = 1 + Nb K P11"1 \
fcy2 dx\ a (1+ k p V .  j
where a is the solubility of oxygen In the blood and Nb is the oxygen
capacity of the blood.
xw
Other substitutions for the —  may be used. Colton and Drake 
(1971) used the approximate equation of Margaria, as shown below, to 
solve the appropriate equation.
31 + KP 
KP
+ M - 1
1 + KP 
KP
4+ M - 1
Where K and M are constant.determined by the oxygen dissociation curve.
Equation (11) has been solved by Buckles (1968), Colton and Dr alee 
(1971), Cantekin and Weissman (1975), arid Semby and Grimsrud (1974) 
subject to the following boundary and initial conditions at the gas 
permeable membrane.
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At the interface Po2 wall Po2 wall
blood ■membrane
and constant flux at the wall
am Dm dP ab Db dP
dy membrane dy blood 
y = oy = o
and at the inlet
Po2 = Po = constant 
Several investigators found that the Crank Nichols (Crank 1975) 6 point 
implicit differencing method proved to be an excellent numerical solution. 
This explicit differencing method of numerical analysis used on a digital 
computer provided a typical plot as shown in Figure 4.7. This is taken 
frcm the paper of Buckles (1968) . It can be seen that the concentration 
of oxygen is plotted against the Graetz number for different values of 
wall resistance. This type of solution is more dependent upon the 
wall resistance than the "zeroth order" model.
Figure 4.8 shows a comparison between the equilibrium model with 
reported experimental data taken from Semby and Grimsrud (1974). This 
shows close agreement with the experimental data for various conditions.
In Figure 4.9 the results of Lightfoot (1968) show a comparison of the 
"zeroth-order" niodel with the numerical analysis of the oxygen 
haemoglobin continuity equation. The "zeroth-order" model is under­
estimating the change in saturation compared with the equilibrium model. 
The equilibrium model is in agreement with Dorson' s results in Figure 4.5 
when compared with experimental data. It is suggested by Lightfoot (1968) 
that the ratio of the amount of' unoxygenated haemoglobin to the overall 
driving force is a critical parameter in the application of the "zeroth- 
order" model. The ratio a(Ap) is 3:1 in Figure 4.9. The greater
the amount of unoxygenated haemoglobin, the greater the sink effect of 
the red cell. This reduces diffusion into the unoxygenated region by 
combining with the haemoglobin. This is a closer approach to the moving
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reaction front (A.F.T.). Hie results of Chang and Mbckros (1971) are 
compared with the '' zeroth-order11 model for the same conditions in 
Figure 4.10. Hie ratio a(Ap) is greater than 3:1 and shows good
agreement with the more realistic equilibrium model, thus supporting 
the results of Lightfoot.
4.2 SUMMARY
Hie emphasis of any oxygenation model shown is to elucidate on the 
hydrodynamic and biochemical parameters; allowing the fluid 
mechanics of the transfer process to be understood. Both models have 
the same principal independent variables, but this may be expressed in a 
variety of forms. Hie effect of wall resistance (E) can be included in 
both models, but it is more important in the equilibrium model.
Hie variation in predicted transfer rates must be accepted at present 
due to the lack in knowledge of kinetic, diffusional and flow behaviour 
of blood. ihis should be considered when assessing any results of the 
models. Hie "Bohr effect" (Keele & Neil 1971) is particularly 
important in the transport of oxygen. The rotational motion of the red 
cell first shown by Blackshear (1971) which is dependent upon the 
rotational peclet number (Pe). Hiese effects are ignored as they are 
considered to be small in oxygenators.
The success of any mathematical model is dependent on the basic 
assumptions of the model and the degree of simplification, but the 
essential character of the transfer process must be maintained. The 
"zeroth-order" model-is gross, and unable to match the data for oxygenators 
over a wide range of variables. It should be stressed that the lcw- 
order approximation is not a satisfactory substitute for exact numerical 
calculation. The "zeroth-order" model should only be used as a first 
approximation of a blood oxygenator with smooth walls where high 
precision is not required.
Numerical methods may be able to solve non-linear differential 
equations and almost any problem for which we cannot find an analytic 
solution. Frequently approximations introduced to allow an analytic 
solution produce small errors or yield at least qualitatively useful 
information. Mien these approximations are not permissible, we 
normally make appropriate variable transformation in order to linearize 
the equation. Solving non-linear problems might illustrate mathematical 
elegance but would contribute very little to the understanding of 
transport phenomena.
With the rapid development in computer software and hardware, 
numerical methods have become increasingly popular. It should be 
remeirbered that in the long term it is usually easier to use an analytic 
solution, which offers more insight than a numerical solution. The 
numerical solution does not allow the important parameters of the solved 
equation to be observed.
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4 . 3 OXYGENATION AUGMENTATION
For many years, research has been directed towards increasing 
the efficiency of membrane oxygenators, by improving the oxygen transfer 
rate. This would reduce the surface area of membrane required, also 
the ccsnplexity of the oxygenator, allowing an adult to receive total 
bypass with this type of oxygenator at reasonable cost. Augmentation 
has been achieved by taking a simple design of membrane oxygenator 
(e.g. tube) and then changing the design in some manner. If this new 
design has a higher oxygenation rate, under similar operating conditions, 
some augmentation has been achieved. Augmentation has been achieved 
in many cases by simple geometric configuration which causes local 
secondary flows within the main flow when oxygenating the blood. Mast 
attempts at increasing oxygenation rates fall into this category of 
secondary flews. This may be divided into two groups, according to -the 
method used: 1) Passive devices in which miixing is achieved without
using external energy that rely on the geometry of the device, such as 
the coiled tube (Dorson 1969). 2) Active devices use external energy
to induce secondary flows in the device; such as the oscillating 
toroidial membrane oxygenator (Drinker 1969).
1) Passive devices may be sub-divided into two further groups.
a) Those which have surface protrusions within the blood phase of 
channel flow devices (e.g. Travenol modulung).
b) Those with irregular geometry to produce controlled secondary flow 
patterns such as the helical coiled tube oxygenator (Dorson 1969) .
a) Surface protrusions. In this type of device the surface of the 
membranes have small bunpy or specifically shaped protuberances 
within the blood phase. Alternatively a screen is placed in the blood 
phase to cause secondary flows (eddying) within the blood as it flews 
across the membrane surfaces. The flew is essentially between 
parallel membrane walls as shown in Figure 4.10. This method is used
in the Pierce and*Travtnol-Teflo oxygenators.
V
FIGURE 4.10
Difficulty is incurred when trying to evaluate the magnitude of the 
augmentation from a theoretical study. This is due to the non- 
uniform geometry and flew produced. As stated earlier, in soma 
oxygenators there are pressured bags, which reduce the maldistribution 
of the blood flew. The blood film thickness may be varied in these 
oxygenators by changing the pressure within these bags (shiitming 
pressure) which may cause variation in different parts of the 
oxygenator.
b) Geometric augmentation. Hie secondary flews produced by curved 
flow paths in helical coiled tubes was utilized by Dorson (1968) and 
Chang and Mbckros (1971) to increase oxygenation. Hie augmentation 
when one changes from a straight tube to the coiled tube may reduce 
the required surface area (i.e. the length) considerably. This also 
has a secondary effect of reducing the plalebtconcentration loss 
during bypass.
Hie general characteristics of the secondary flows observed are
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shown in Figure 4.11.
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Showing the path of tlie secondary flow patterns which are not observed 
in straight tube flow.
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The results of experimental and theoretical studies by Dorson (1969) 
are shown in Figure 4.12. This shows the coiled tube data compared 
with the "zeroth-order11 model for a straight tube. The latter 
predicts a low transfer rate, but has the same slope to the 
experimental results. The effective diffusivity would have to be 
increased by 1.3 to 1.5 to enable the zeroth-order model to fit the 
experimental data. There is no justification in doing so, except that 
the effective path length of the transfer process is reduced. Then 
the advancing front theory is not applicable to this analysis. ' Hie 
main disadvantage of this technique is that the augmentation is solely 
dependent upon the flow rate. The flow rate for the majority of 
bypass surgery is approximate 5 L/min. Ihis implies that if a larger 
diameter tube is used, a low flow rate is needed to achieve high exit 
oxygen concentration, but as the flow decreases the augmentation is 
reduced (Dorson 1971) . This implies that a small diameter tube must 
be used to maintain high velocities and high effective diffusivity, if 
any degree of independent control of augmentation over flow rate is. to 
be achieved. There is no method of controlling the exit 
concentration Independently of flow rate.
Sada (1976) considered a tubular oxygenator with wavy walls, but 
found from theoretical studies that there was little change in the 
oxygen transfer when compared with straight wall tube under similar 
conditions. A  successful method of improving the efficiency of a 
membrane oxygenator was found by Bellhouse (1975, 1976). This 
involves pumping the blood back and forth across a furrowed membrane, 
ihe flow, which is perpendicular to the furrows, causes vortices in- 
the hollows. This system gives an improved oxygen transfer by a 
factor of four when using silicone rubber membrane. The system 
requires two pulsatile pumps and valves. The fluid mechanics of this 
unsteady flow is not fully understood. Although this device requires
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an increase of punping energy, I have included it under the present 
heading because the oxygenation itself' is passive.
4.4 ACTIVE DEVICES
The best known of the active devices which induces secondary 
circulation is the toroidial oscillating membrane oxygenator 
(Drinker 1969, Murphy 1971) . Other systems which are similar include 
the tube oxygenator (Melrose 1972) and the couette oxygenator 
(Keller 1969) and the annular oxygenator (Gaylor 1973, Semby 1976) and 
oscillating rod (Cantekin 1975) . The principal of operation is well 
documented in each case and therefore will only be mentioned briefly. 
The toroidial oscillating oxygenator (Drinker 1969, Barllett 1969) 
involves a large bore tubular membrane wound spirally round a 
supporting cylinder which is subjected to a torsional oscillation.
Flow visualization experiments have established that the secondary flew 
patterns, consist of a pair of counter-rotating vortices.. This is 
shown in Figure 4.13 with a general diagram of the oxygenator. The 
upper diagram shows a cross section of the tube with the direction of 
the flow patterns, also the direction of oscillation is shown. The 
general arrangement of the device shews the tube wound on the support­
ing cylinder and the direction of oscillation by a link to an electric 
motor, the amptitude of the oscillation may be varied by changing the 
stroke on the motor plate. The results of Drinker (1969) are shown 
in Figure 4.14 and indicate a 4 to 10 fold increase in oxygen transfer 
with increasing tube wall velocity (r.m.s.) . Correlation of oxygen 
transfer with various parameters of the toroidial oscillating membrane 
oxygenator were carried out by Berm (1971). The following non- 
dimensional equation was expressed:
Sh ~  Un0 '31 He0 -22 S1/3 * 1/3
No theoretical models have been used to predict the behaviour of such 
a device at present with any degree of confidence.
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Cther forms of oxygenator which are said to exhibit secondary 
flows have been examined. The Caiette oxygenator produces a shear 
field due to rotation of an inner cylinder. The oxygenator consists 
of two concentric cylinders with the inner rotating and the outer 
stationary. The blood passes frcm the bottom of the annular gap to 
the top and is oxygenated en route (Keller 1969) . These have been 
exctended into the annular oxygenator (Gaylor 1973) which causes a 
different regime of flow. This device causes Taylor vortices 
(Schlicting 1960) to be produced. This type of oxygenator is based on 
work carried out by Taylor in the 1920's, who analysed the secondary 
flows produced by the rotating inner cylinder.
The flow caused by the rotating inner cylinder may be sub-divided 
into four regimes, 1) Pure shear (couette flow), 2) Secondary toroidal 
laminar circulation, 3) Secondary flow of toroidal vortices with 
superimposed turbulences, 4) Turbulent flow. It is the second regime 
that is used in the annular oxygenator, and this gives an6-8 fold 
improvement in oxygen transfer rates over the blood-diffusion limited 
rate.
The oscillating rod (Cantekin and Weissman 1975) is an experimental 
oxygenator, which utilizes a metal rod placed longitudinally in the 
direction of flow. This rod is oscillated back and forth across the 
flow causing mixing of the blood. It gives increased oxygen transfer 
the higher the frequency of the rod. Experimental results were 
compared with numerical analysis of the continuity equations and 
indicated that the oxygen uptake is controlled-by the length of the 
diffusion path."
Theoretical models of the fluid mechanics in the toroidal 
oscillating oxygenator have been developed by Mass (1971) . This
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integral analysis of the flow in the membrane chamber of the toroidial 
oscillating oxygenator includes the viscous ana inertial effects. The 
analysis gives an estimate of the mean recirculation velocity, but 
there is poor agreement between the mass transfer model results and 
the experimental data (Dorson 1971).
The transport process in active membrane oxygenators may not be 
fully understood until the appropriate equations of motion of the 
fluid have been analysed and a solution found then the oxygen- 
haemoglobin, continuity equation may be solved. As stated earlier, 
attempts will be made to provide an analytical solution based on the 
equations of motion for flew in a flat plate membrane oxygenator. This 
analytical investigation is aimed at providing a general description 
of the mechanics of mass transfer in flat plate oxygenators. It is 
hoped that the solution will demonstrate the importance of the various 
parameters and non-dimensional groups in such a device. It must be 
remembered that numerical solutions do not give an immediate indication 
of the functional relationship between the various parameters and fail 
to indicate the importance of the non-dimensional groups. Therefore 
an analytical investigation will be conducted, supported by experimental 
work into the mass transfer of oxygen in simple membrane oxygenators.
*********
BLOOD TRAUMA
5.0 INTRODUCTION
Ear twenty five years the technique of extra corporeal circulation 
has been used to support the life functions of a patient during cardiac 
arrest for open heart surgery. The primary purpose of extra-corporeal 
circulation is to replace the function of the heart and lung during 
open heart surgery either totally or partially. There have been many 
advances in this field and it is a tribute to the designers of the 
heart-lung machine that operations of this nature are possible. At 
present a patient can only be supported by such machines for a limited 
period. The period is dependant upon the oxygenator used. Hill (1972) 
reports on 7 survivors following perfusion of up to 9.5 days, but in 
general,patients only undergo bypass of a few hours. Long periods on 
bypass cause unacceptable damage to the blood which eventually leads or 
contributes to death of the patient. The mechanism of this damage is 
not properly understood, but will be discussed later.
When patients were fitted with prosthetic devices, researchers 
became interested in blood trauma. Since then many investigations 
have been conducted on heart valves and heart-lung pumps. It soon 
became ■ apparent that all man-made materials produced changes within the 
blood. Observations that patients can survive .short periods of 
severe blood damage or long periods of mild blood trauma leads 
Bernstein (1971) to the hypothesis that the human body has a certain 
tolerance to blood damage. A critical feature of any extracorporeal 
system is the induced trauma level. Measurements of trauma are far 
from easy, but generally measurements of haemolysis are thought to give 
an indication of general blood injury. Haemolysis is comparatively 
easy to quantify though there is no universal standard procedure. The 
index of haemolysis (I.H.) is frequently used, and is defined as the 
increase in the amount of free haemoglobin, per volume of blood flowing.
CHAPTER 5 • ~ btt ~
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I.H. = gm Hb/100 litres pumped 
or = mgm Hb/100 mis purtped.
Hirombosis may take place when blood flews over a foreign material 
and a sequence of reactions appear to take place within the blood.
This sequence leads to the formation of a clot which is composed of 
cellular and non-cellular elements. Surface interactions are a 
fundamental problem as they are the cause of clotting. Blood trauma is 
produced whenever blood comes in contact with material other than the 
endothelium. Thrombus formation in an oxygenator can be a direct and 
indirect hazard to the patient. Directly by the consumption of platelets 
and by emolism formation, indirectly by reducing the area for gas 
transfer (Friedman et al 1971) .
At present there is no synthetic material which is truly non- 
thrcmbogenic. It is not yet known what properties are required for such 
an ideal material. Progress in this area has been reviewed by Salzman 
and co workers (1969, 1971, 1972). He suggested that the physical 
chemistry of blood-surface interactions must be understood before the 
problem can be overcame. Present membrane oxygenators use materials 
which are carefully selected. This reduces, but does not eliminate, the 
hazard of coagulation and platelet deposition (Gott 1971). This Thesis 
will not discuss the tliromogenic problems associated with oxygenators as 
it is a very complex problem.
5.1 BIPOD DAMAGE
The human cardio vascular (cardio pulmonary) system performs its 
function with relatively little damage to the blood. It is therefore 
desirable for the extra-corporeal system to produce as little damage as 
possible. Blood damage may be put into two main categories with a 
great deal of interaction between them. Tlie first is concerned with
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damage to the cells of the blood, particularly to-the erythrocytes.
The rupture of these cells releases haemoglobin into the plasma. This 
leakage of haemoglobin into the plasma is known as haemolysis, which 
causes changes in the viscosity and osmolarity of the plasma. The 
normal healthy body may tolerate a high level of haemolysis. Typical 
figures for plasma haemoglobins vary frcm:
normal adult 0.6 mg %
to blackwater fever 1,000 mg %.
It is this tolerance which led many workers (e.g. Longmore) to postulate 
that it is not haemolysis which is the important factor, but the second 
form of damage, denaturation of plasma proteins.
Denaturation of plasma proteins is probably the most important type 
of damage from a clinical viewpoint. Denaturation occurs when the 
complex structure of a protein is subtly altered so that it cannot 
function properly. The phenomenon is difficult to define adequately 
and no accurate technique for quantification has been developed. One 
definition, due to Kauzman (19-59) is "a process or sequence of processes 
in which the spatial arrangement of the polypeptid e chains within the. 
molecule is changed frcm that typical of the native protein to a more 
disordered arrangement".
Since denaturation results in a loss of functional ability, 
extensive, irreversible protein damage is a potentially serious hazard 
of extracorporeal circulation. In extracorporeal circuits it is 
thought (Lee 1961) that denaturation may be caused by the blood-oxygen 
interface within the oxygenator. He has shown that with membrane 
oxygenators there is less effect of denaturation. Plasma proteins 
exert important osmotic and buffering effects, and play essential roles 
in the blood clotting mechanism and the resistance to infection and 
transport. In addition, denaturation.may be caused by agents such as 
heat, organic solvents, detergents and extremes of pH.
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It has not proved possible to quantify and hence index the 
denaturation of plasma proteins. Many methods have been proposed for
measuring this denaturation which are based on physical and chemical 
properties of the proteins such as viscosity, solubility, refractive 
index, electrophoretie mobility and biological activity. However, 
there is no universally accepted routine procedure for measuring 
protein denaturation. As denaturation is usually accompanied by seme 
haemolysis, this remains the most frequently quoted index of blood 
trauma. With regard to possible Jcidney damage, the evidence in general 
supports the view that free plasma haemoglobin does not cause renal 
failure until levels far in excess of those likely to be encountered 
during short-term extracorporeal circulation are reached.
Proteins tend to be deposited on surfaces in direct contact with 
blood, the rate of deposition and the thickness of the resulting layer 
depends on the nature of the surface. The tendancy to bond to the 
surface may be reduced by precoating with albumin. Lande (1969) states 
that this treatment reduces haemolysis and it is. a reccmmended procedure 
for the Lande-Edwards membrane oxygenator.
5.2 'COMPARATIVE TRAUMA TO BLOOD IN DIFFERENT OXYGENATORS
This section shows the results of comparisons of different types of 
oxygenators. Such results were made by pooling the results of a 
variety of measurements. These include counts of platelets and micro­
emboli, haemolysis, and tests of neuropsychological function. Only 
data frcm clinically used membrane, disc and bubble oxygenators will be 
cited.
a) HAEM3LYSIS
Several authors (e.g. Kirsch 1973, Peirce 1969, Chopra 1973) have 
shown that there are small differences between the results obtained by
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iroubrane, disc and bubble oxygenators. These results agree with those 
of Athaus (1973) who shewed that there was no statistically significant 
difference between the bubble and disc oxygenator. Figure 5.2 
(Peirce 1969) shews that membrane oxygenators are less traumatic than 
the disc type. All the results show the membrane oxygenator has lower 
values of plasma haemoglobin than direcrt interface oxygenators. The 
results belcw are from Kirsch (1973) and shew a comparison of oxygenators 
used on children.
Plasma Hb
Membrane Bubble
Control 
End Perfusion 
24 hours
mg% mean (st dv)
14.1 (2-40)
69.1 (10-140)
22.0 (2-90)
mg% mean (st dv)
12.5 
87.0
34.5
(1-35)
(22-120)
(4-92)
based on 36 children, average time 99 minutes (180-36) minutes.
Results of Chopra (1973)
Time
Pre-operatively
Immediately 
post pump
3 days post pump
Oxygenator
Membrane
Bubble
Membrane
Bubble
Membrane
Bubble
Plasma 
Haemoglobin 
mg %
Nil
Nil
154
234
Nil
25
It is generally agreed that intra-cardiac suction is a major cause of 
blood destruction. The amount of suction used needs to be noted and 
compared when stating results. Blood trauma produced by the oxygenator 
may be small when compared with the coronary suction system and other 
components in the circuit (e.g. filters).
b) PLATELETS
A decrease in platelet count during bypass surgery is well
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documented. De Leval et al (1972) used a technique of labelling 
platelets and studied their behaviour in an extracorporeal circuit.
Their results are shown in Figure 5.3. They suggested that the membrane 
.oxygenator produced the lowest rate of platelet destruction. After two 
hours more than 90% of the platelets were in circulation, compared with 
only 70% for the bubble oxygenator. The irreversible disappearance of 
more than 50% of the platelets .while the cardiotcmy suction was used 
demonstrates the deleterious effect of the suction system on the blood.
De Leval and co-workers concluded with three statements:
1) Reversible and irreversible damage to the platelets during E.C.C. 
were evidenced.
2) Hie reversible effect is a sequestration which probably occurs 
mainly in the liver.
3) The irreversible effect is mostly related to the blood-rgas interface.
Carlson (1973) suggested that platelet counts return to near normal 
towards the end of one or two hours of membrane perfusion. Similar 
perfusion with a bubble oxygenator causes their patients to ooze a fair 
amount of blood. Hie results shown in Figure 5.3 are similar to those 
of Kirsch (1973).
c) MICRCEMBOLI
Microemboli larger than 50 microns were counted ultrasonically 
in the arterial line. Results by Carlson et al (1973) and Lande (1972) 
included circuits with and without arterial filters. Figure 5.4 shows 
the results of Carlson et al (1973) . With the bubble oxygenator the 
average count was 18,000 per minute. By adding a screen filter this 
was reduced to 1,500 per minute. Hie membrane oxygenator had a count 
of 1,500 per minute. By adding an arterial filter this was further 
reduced to about 100 per minute. These figures include cardiotorry
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suction. Ashmore (1968) aid Brennan (1971) have demonstrated the 
presence of microemboli in numerous organs after cardio pulmonary bypass.
d) NEUROPSYCHOLOGICAL TESTS
Carlson (1972) reports on tests carried out by a psychologist and
a psychiatrist on patients. They administered, scored and evaluated
the Bender-Gestalt visual-motor tests before and after bypass. The
studies were carried out on 47 patients. The results show that the
score of patients treated with bubble oxygenators was not so good as
with the membrane oxygenator. Typical results are shown below;
Score 
Per Cent Worse
No filter Filter 
Membrane oxygenator 36 13
Bubble oxygenator 63 43
These tests were considered to give objective evidence that air (gases) 
and particulate microenboli were injurious to the patient. The use of 
a membrane oxygenator and a filter appears to reduce the morbidity rate 
arising from microemboli. Figure 5.5 shews the results of Lande et 
al (1972) who used the same tests as reported by Carlson (1972).
Similar tests were conducted by Chopra et al (1973) but failed to give 
such marked results.
*********
- 79 -
SCANNING ELECTRON MICROSCOPY OF BIOLOGICAL SPECIMENS
Hie scanning electron microscope (S.E.M.) has been widely applied 
to study biological materials for many years. Hie principles of 
operation are well documented by Oatley (1966, 1968) and Nixon (1964,
1969) . The S.E.M. has a resolution of 20oS with biological material 
or ten times that of the light microscope. In addition, it has a 
larger depth of focus and presents an apparent three dimensional view 
of the specimen. Hie S.E.M. enables the surface topography of the 
specimen to be examined; whereas the transmission electron microscope 
is used to examine the inner structure of specimens. S.E.M. and T.E.M. 
require the specimens to be free of water when inserted into the vacuum 
chamber of the instrument. Without this precaution the tissue water 
will boil in the vacuum of the instrument. The extraction of the latent 
heat of evaporation will cause the remaining water to freeze in the 
specimen.
Specimen preparation must be carried out to prevent disruption of 
the cells. This preparation includes fixation, drying and coating. 
Preparation of red blood cells for scanning electron microscopy has been 
described by Salisbury and Clarke (1967 A+B, 1968 A+B, 1969), Boyde (1971) 
and Bessis (1971) . The fore mentioned procedures allow the surface 
topography of the cells to be examined. Commonly interpretational 
errors arise from lade of understanding of the limitations of the 
techniques used in preparing biological specimens. It should be 
remembered that it is not the true surface which is being examined, but 
a metal coating over it.
6 .1 . SPECIMEN PREPARATION
The main task of a fixative is to preserve tissue in as close a 
state as possible to that whidi it had in life. Numerous authors, but 
notably Baker (1958) have listed the requirements that such a task
CHAPTER 6
involves.- Thus a fixative should;
1) Stop metabolism
2) Prevent swelling
3) Prevent shrinking
4) Prevent bacterial or fungal attack
5) Prevent autolysis
6) Prepare the tissue for subsequent processes it may undergo
to make it suitable for microscopical examination.
It is this last property that differentiates a fixative frcm a straight 
forward 'preservative1. No single compound adequately fulfills all 
the roles listed above and usually either fixative mixtures or primary 
fixation in one fixative followed by secondary (post) fixation in 
another is used. Approximately the same fixative requirements apply to 
both light microscopy and transmission and scanning electron microscopy.
.Much remains to be learnt about the chemistry of fixation processes 
and a large amount of empiricism still pervades the subject. Thus 
different workers have used different concentrations, osmolarities and 
pH's of fixatives and claimed success. For the moment, however, it 
would appear that work on a new tissue will always involve a certain 
amount of trial and error with fixation techniques and should therefore 
involve the comparison of several techniques. Glavert (1975) and many 
of the works edited by Hayat (1970) discuss fixation for electron 
microscopy.
With scanning electron microscopy, the main requirement is for 
specimens undistorted by the drying process. Indeed, it might be 
claimed that the importance of fixation is dwarfed by the importance of 
the dehydration procedure. Substitution of water with a volatile 
solvent (usually alcohol) has the disadvantage that distortion is caused 
by the rece.ding surface of the liquid as it evaporates. Freeze 
drying and critical point drying are methods commonly used to avoid
- 80 -
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this artifact. A critical point drying apparatus was not available 
and although the freeze drying method of Pearce (1%8) was attempted it 
did not appear to give better results than those obtained with the 
simple fluid substitution (alcohol dehydration) method. The latter 
method was therefore used throughout this thesis.
6.2 METHOD FOR THE PREPARATION OF BLOOD FOR S.E.M.
Initial experiments using a variety of fixatives under different 
conditions indicated that there was little difference between 
formaldehyde, glutaraldehyde, and glutaraldehyde/osmium tetroxide 
fixation methods as far as preservation for S.E.M. was concerned. These 
results were in accord with those of Dickens et al (1970) and their 
10% neutral buffered formal saline method was therefore used. Buffering 
was with a S orensen type phosphate buffer as these are considered the 
most physiological and are stable at 4°C, the terrperature at which 
fixation was carried out.
Whole blood was placed in 8 times its volume of fixative for 18 to 
24 hours at 4°C. After this it was then centifuged at 2,000 g for 3 to 
5 minutes,the supernatant drawn off and replaced with glass distilled 
water in which the red cells were re-suspended. Centrifugation was 
then repeated, the supernatant again drawn off, and again distilled 
water used to replace this. This washing process was repeated six 
times to remove all inorganic salts. The cells were then progressively 
dehydrated by repeating the centrifugation and replacing the supernatant 
with graded alcohols, first 30% .then 50% and so on through 7C% and 90% 
to absolute alcohol of which there was 3 changes.
Drops of red cells in alcohol were then placed on small coverslips 
which were immediately put into a vacuum dessicator, In this, the 
alcohol evaporated leaving a thin film of dried red blood cells on the
-  82 -
coverslip. Coverslips were then fixed (double sided scotch tape) to
the S.E.M. specimen stubs and coated with a 300 to 40cS thickness of 
gold-palladium in an • (Edwards) vacuum coater.
Cells were viewed with a Cambridge Stereoscan 2A scanning electron 
microscope, usually at an accelerating voltage of 20Kv, their 
appearance being recorded on Ilford F.P.4 35rrm film.
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6.3 RESULTS OF SCANNING ELECTRON MICROSCOPE STUDY
Since the mid 1960's the scanning electron microscope has 
stimulated interest in the shape of the red blood cell. This has 
assisted in the development of a new terminology to describe the shape 
transitions of the red cell, also assisting in classification and 
communication. This nomenclature is given in Appendix I with a 
description of normal and pathological red cells. The plates and 
figures are grouped at the end of the chapter.
Plate I shews a cell thought to be produced by an artifact of 
fixation. The shape of the red cell has changed to form what is known 
as a tri-concave erythrocyte. It is generally thought that this type 
of cell has not been adequately fixed and its form is produced by the 
vacuum of the coating machine. Although there are other ways in which 
such artifacts could be produced., it is difficult to obtain concrete 
evidence for them. Similar cells have been reported by Bessis and 
Weed (1972) and they named these "Knizocytes". This type of cell 
structure may also be found in certain pathological conditions, (e.g. 
hemolytic anaemias and hereditary spherocytosis). The factors causing 
spherocytosis have not been identified. It is generally accepted that 
there is a decrease in the surface/volume ratio of the cell. Knizocyte 
shape should be compared with the shape of those cells in Plate 2 and
Plate 3 (normal red cells) . The resting erythrocyte is a bi-concave
disc called the "Discocyte". (It should be remembered that normal red
cells m y  alter shape during blood flew.) The dimensions of the
discocyte are well documented, the mean cell diameter being 7.5y± stdv
with a mean thickness of 2.5y± stdv. A typical cell has a volume of
3 2approximately 90y and surface area of 145y . Plate 4 indicates that
the surface of a normal cell is smooth and shows very little detail at
a magnification of 22,000.
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6 *4 RESULTS OF CLINICAL EXTRACORPOREAL CIRCULATION
Using the techniques described, blood from patients undergoing 
cardiac surgery whilst on heart/lung bypass was examined. Information 
concerning the sex, age and weight of patient, and type of operation is 
tabulated at the end of the chapter. This also includes clinical 
measurements taken during the surgery. A  typical plot of these 
readings are shown -in Figure 6.1, where the stars indicate when blood 
sanples were taken for the S.E.M. study. This data is summarized in 
Figure 6.10.
In all experiments a blood sanple was taken prior to the start of 
bypass, sometimes before sometimes after heparin had been administered 
to the patient. Tests were carried out on the effect of heparinisation, 
but they did not suggest that it affected the shape, size or surface 
roughness of erythrocytes.
A. PATIENTS SUPPORTED BY BUBBLE OXYGENATORS
In all the blood samples examined prior to bypass the majority of 
red cells were found to be of the classic biconcave disc shape. In
some cases there was a variation in size due to the handling or 
preparation. Some control results are shown in Plates 2, 3 and 4.
Single cells are shown in Plates 3 and 4 at a higher magnification with 
the latter showing the smooth surface of the normal discocyte.
Plate 5 again shews a single cell after 30 minutes on bypass. The 
surface of the cell demonstrates some roughness, but the shape and 
dimensions are essentially those of a discocyte. This type of fine 
surface granularity has been reported by Salsbury and Clarke (1967) in 
cases of autoimmune haemolytic anaemia. No holes or pitting were found 
in red cell membranes at any stage of bypass. Though Ross et al (1966) 
have found large pores in the cell membrane during cases of anaemia,
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they reported that such holes have a diameter of 1038. It is difficult 
to measure to such accuracy, with the Cambridge 2A Steroscan, which has 
a resolution of 2008 when examining biological specimens. Hie lower 
magnification of plate 6 and 7 shews the general status of the red cell 
after 30 minutes on bypass. Hie majority of the cells appear to be 
normal discocytes with very little change to size or shape. Single 
ediinocytes are present in both photomicrographs. Hie
remaining photomicrograph, Plate 8, shews two discocytes in the background 
with an increase in surface roughness. In the foreground is a cell 
which has changed from a biconcave disc into a disc covered with 
"spicules". This form is known as an ediinocyte or crenated cell.
This type of cell is part of a transformation "known as the discocyte- 
ediinocyte transformation. Hie echinocyte consists of several stages, 
depending upon the general shape and number of spicules. Hie cell shown 
is at Stage II of the transformation.
Hie next set of photomicrographs (Plates 9 to 12) shows red cells 
at 45 minutes to 60 minutes into bypass. Plate 9 shows two echinocytes, 
at an early stage. This particular photomicrograph was taken from 
patient KAr at bo minutes into bypass and is similar to that of patient 
K10 at 60 minutes bypass, shown in Plate 10. It is quite easy to 
observe the Icbbing of the cell in another plane, suggesting that the 
spicules occur at the periphery of the disc.
Plate 11 shews an increase in surface roughness of the membrane, 
but the spicules predorminate. Hie magnification is lower in Plate 12 
and gives, a more general view of red cells. It shews both discocytes 
and echinocytes, and indicates the frequency of echinocytes. Hie 
time required for sudi changes varies for different patients. Plate 13 
again shows surface roughness and spicules. It was taken from patient 
K9, 62 minutes into bypass.
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The next photomicrograph shows the "sphero-echinocyte" 
transformation (Plate 14). The change of the red cell frcm a disc to 
a sphere is highlighted and should be compared with Plate 15 (discocytes). 
The sphero-echinocyte is shewn in greater detail at a higher 
magnification in Plate 16 (cf. Plate 4). Under certain conditions the 
sphero-echinocyte transformation is reversible (e.g. by washing the cells 
with normal fresh plasma) . The cells then resume their original 
discocyte shape. If, however, a discocyte is placed in plasma which has 
contained echinocytes it does not change shape.
Transformation may be brought about by extrinsic factors or 
intrinsic factors such as A.T.P. depletion. It may also be simply 
induced by the locally high pH of glass (Ponder 1971). Plate 14 was 
taken from a patient at the end of a bypass of 81 minutes. Plates 17,.
18 and 20 show a single cell at various magnifications (cf. Plate 19).
B. PATIENTS SUPPORTED BY DISC OXYGENATORS
Patients were supported for short bypass periods with this type of 
oxygenator, as shown in Figure 4>*4- Hie results have a general 
resemblance to those obtained for the bubble oxygenator for similar 
periods-. Plate 18 was taken from patient B12 undergoing bypass of over 
100 minutes using the disc oxygenator.
C. ■ PATIENTS SUPPORTED BY MEMBRANE OXYGENATORS
This group of patients were supported by the Travanol Teflo membrane 
oxygenator, and were similar in age and diseased state to those of the 
bubble group. The changes found were basically similar, but spread 
over a greater time scale. For example echinocytes stage II were not 
found until 70 minutes of bypass (this will be discussed when comparing 
both groups) . A  side view of red cells is shown in Plate 21. Hiis,
in conjuction with Plate 22, shews the smooth surface of the discocytes 
before bypass.
After 45 minutes on bypass no change in shape or size was found as 
is shown in Plate 23 and 24. At higher magnifications no increase in 
surface roughness of the cell membrane was found. After 127 minutes 
bypass only changes were observed as shown in Plate 25. These changes 
are the early stages of the echinocyte transformation. There is an 
echinocyte I in the top right hand comer of this plate. Other cells 
undergoing the echinocyte transformation are shown in Plate 26 and 27; 
these are ediinocytes I and II. Plate 27 was taken from a specimen at 
the end of 1- minutes bypass. The last Plate 28, shews a lower 
magnification of cells after 60 minutes bypass with a membrane oxygenator.
D. GENERAL COMMENTS
During this study certain types of cells appeared which did not fit 
into the general scheme described earlier. The occurance of these 
cells was independent of time. One is shewn in Plate 31. The shape 
suggests that a fragment of the cell has been t o m  away. A  similar 
cell, called the "Keratocyte" has been described by Bessis (1975). This
type of cell has been observed after cardiac and vascular surgery.
Bessis suggested that their origin is quite specific, caused by the red 
cells hitting objects at high speed; furthermore suggesting such 
objects as prosthesis or a denuded portion of a vessel wall on which 
intravascular coagulation lias taken place. In the latter case, the 
red cell may be bisected by fibrin strands which adhere to such 
structures. This patient Kll from whom this specimen was prepared had 
undergone cardiac surgery several years previously for fitment of a 
prosthetic heart valve. Two other patients were found to have 
Keratocytes and both had previously undergone cardio-vascular surgery, 
see Plates 29 and 30.
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E . CASE K - A  SPECIAL CASE
An interesting, but unusual, case will now be described where 
a patient had undergone bypass for a mitral valve replacement and 
was 'functioning well after the completion of the heart surgery, 
with the aid of a pacemaker. This newly fitted valve suddenly 
failed and remained in the open position. The surgeon massaged 
the heart by hand until the heart/lung machine could be reconnecte- 
to the patient. The original "B jork-shiley11 valve which failed 
was removed and a Starr-Edwards ball valve fitted. Additional 
blood samples were taken from the circuit during this second 
period of bypass, and a typical micrograph is shown in Plate 32.
At the end of the initial period of bypass the red cells appeared 
normal biconcave discs, but in the latter samples the cells are 
covered with a deposit of some type. The techniques used to 
provide the specimens were checked, repeated and only produced 
the deposit on this latter sample. The deposit may consist of 
denatured proteins, fats or damaged platelets? A  factor worth 
noting is that the patient was given four pints of transfusion 
blood, which is often known to be poor in quality. The method 
of taking the blood and length of storage affects the quality.
The patient was supported by a bubble oxygenator during the 
operation.
F. COMPARISON OF GROUPS
Initially 16 patients undergoing bypass surgery supported 
by a bubble oxygenator were studied. Results shown in Fig. 6.11 
indicate that a certain proportion of red cells undergo the 
discocyte-echinocyte transformation. These results were obtained 
by counting these cells at an approximate magnification of 2,000 
while under the S.E.M. This counting process was time consumptive 
and therefore was limited to a sample size of 1,000 cells in a 
specimen. These changes are indicated more clearly in Fig. 6.12
89
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where the results are plotted against time for the various 
oxygenators. A typical set of results from a single patient 
is given for each type of oxygenator. These results clearly 
demonstrate the differences between the various oxygenators.
The results for the bubble and disc oxygenator are very similar
as shown in Fig. 6.13. Here the mean value and standard deviation 
are plotted against time on bypass. This graph indicates that 
the membrane oxygenator group has a much lower mean value. Also 
showing the results are significantly different. Changes with 
the bubble oxygenator before 60 minutes were of the early 
transformations and represent approximately 7% of the population. 
After this period the changes became more noticeable' and reached 
the sphero-echinocyte stage after 70 - 90 minutes. Beyond this 
stage, irrespective of the cause, the transformation becomes 
irreversible. Changes in shape were plotted against lytic 
processes by Ponder (1948) and this indicated that the surface
area of the red cell decreased (see Fig. 6.2). He also plotted
the changes in surface area to volume ratio when the cell changes
from a disc to a sphere, the length to thickness ratio of the
cell is also shown in Fig. 6.3.
As stated earlier results obtained for the disc oxygenator 
bypass group are similar to those found in the bubble group of 
patients. The overall length of bypass time for the disc group 
was much smaller than the bubble group as shown in Fig. 6.4.
The bubble and disc oxygenator are both direct interface 
oxygenators as discussed earlier, achieving gas transfer by 
different methods.
The red cells from the membrane oxygenator group of patients 
showed very little change in shape or size during similar
bypass periods. The changes observed were found to be of the
same transformation as described earlier, but only the early
9.1
stages. The number of cells undergoing the echinocyte 
transformation was below 4% which was lower than for the 
bubble group (see Fig. 6.13). No cells were found to have 
undergone anh other transformation, such as the stomatocyte 
transformation. No holes were observed in any cells from any 
of the groups.
6.5 DISCUSSION OF S.E.M. RESULTS
The results of the S.E.M. study indicate that the shapes 
of red cells vary during bypass surgery. These shape changes 
were more gross with the direct gas interface oxygenators than 
with membrane oxygenators. The causes of such changes are not 
totally understood, but certain factors are known to change 
the shape and size of red cells. The shape of a resting red 
cell is influenced by factors that alter the biochemical and 
biophysical characteristics of either the membrane or the 
cellular c o n t e n t s . The other important variable in any 
population is the age of each red cell. They have an approximate 
life of 100 - 120 days, during which period the red cells are 
discocytes in the resting state and have optional surface area/ 
volume relationships, for both gas exchange and deformability.
The results show that the red cell undergoes the discocyte- 
echinocyte transformation. Other transformations,were not 
observed. The factors which are known to cause the echinocyte 
transformation will be discussed and considered below.
6.6 HIE DISCCCTl'E-ECIilNQCYTE TRANS-FORMMTOSI
This shape transformation has been reviewed by Bessis and co­
workers (1970, 1972) . Hiey have indicated that the discocyte can be 
transformed into an echinocybe then a sphero-echinocyte by extrinsic 
and intrinsic factors.
Intrinsic factors are A.T.P. depletion, altered cation content and 
abnormalities of the cell metabolic pathways (Weed 1972) . Intrinsically 
induced ediinocyte transformation is often irreversible (Lessin 1975).
The cell loses the ability to revert to- a discocyte form due to 
irreversible membrane changes (Chailley 1973).
Extrinsic factors are shewn in Figure 6.5 as a list of echino- 
cytogenic agents compiled by Weed (1973) . The red cell is as 
responsive to changes in psycho-chemical conditions as it is to the 
mechanical factors within the circulation. The shape of the red cell 
may undergo changes due to excessive mechanical deformation of the cell 
(Chien 1971) . This is not totally understood, but it is known that 
wall/cell collisions cause cells to deform as well as flow characteristics.
Osmolarity is important to tine shape of red cells, which act as 
perfect osmometers (Ponder 1971) . Swelling in a hypo-osmotic plasma
and shrinking or crenating in hyper-osmotic plasma. There is no 
indication that the osmolarity of the plasma during bypass changes to 
give the results obtained. The osmolarity of the finactive was closely 
controlled.
The pfi of the-medium is critical for red cell shape, both in vivo 
and in vitro (Weed and Chailley 1972) . The results of Weed and Chailley 
e m p h a s i z e  that alkaline pit favours echinocyte formation whereas the 
stomatocytic transformation occurs at lower, acid pH. Their results are 
shown iii Figure 6.6. The values of pH recorded are tabulated at the 
end of the chapter. If these results (Figure 6.10) are compared with 
those in Figure 6.6, it suggests pH has not caused these changes. The 
pH of the fixative was neutral which,according to the results of Weed and 
Chailley (1972) favour the stomatocyte transformation.
pH effects are mediated through the alteration of intra-meirbrane 
calcium (Weed and Chailley 1973). The results of their studies are 
shown in Figure 6.7. During bypass surgery the patient is given calcium 
at various stages. This is not measured during bypass surgery. Agents 
that interfere with the calcium pump cause a displacement of calcium 
frcm the red cell membrane and tend to cause stomatocytogenic (Lessin 
1975) . Therefore, it is suggested that this is not the mechanism which 
is causing, the echinocyte transformation.
If levels of sodium or potassium are changed, cell water content 
would change, which would alter the cell shape. Water movement and red 
cell shape have been reviewed by Nathan and Shohet (1973) and Orringer 
and Parker (1973).
The presence of echinocytes indicates an alteration of either the 
intra or extracellular environment of the red cell. Echinocytes are 
often present in large numbers in the peripheral blood, particularly
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when there is rapid onset of severe renal failure (Cooper 1970). When 
the patient is dialyzed and the abnormality corrected, the echinocyte 
level rapidly declines, emphasizing the clinical reversibility of the 
discocyte-ediinocyte transformation. Echinocytes have been reported 
in patients with carcinoma of the stomach and also those with acute 
hemorrhagic states associated with bleeding peptic ulcers (Schwartz 
1949). Figure 6.8 shows other clinical states with which echinocytes 
have been associated. Factors which are known to affect the red cell 
shape are listed in Table 6.9.
6.7 CONCLUSION
Blood trauma in oxygenators has been a topic of discussion for many 
years and the advantage of membrane oxygenators over blood-gas interface 
oxygenators remains controversial. In 1959 Melrose stated that "of 
the artificial system the most attractive is that where, in imitation of 
the natural pulmonary anatomy, a membrane separates blood from gas".
This concept may appear "the most physiological form of extracorporeal 
blood oxygenation" as stated by Lande (1971). However, if the 
published data of blood trauma is examined, there is evidence to support 
the membrane oxygenators' superiority above blood-gas interface 
oxygenation.
In the 1960's the concept that it is not haemolysis which is 
clinically important, but denaturation of plasma proteins gained 
popularity. This concept was supported by Lee et al (1961 a+b) further 
suggesting it may be eliminated with a membrane oxygenator. Kayser 
(1974) reviewed the work and the cited papers of Lee et al (1961 a+b) .
He concluded that significant differences between blood-gas interface 
oxygenators and membrane oxygenators have not been described.
Furthermore he added that the use of membrane oxygenators, on the 
assumption that they are "more physiological" than blood-gas interface
oxygenators is unjustified on the basis of published data.
Recently, Longimore (1976) has attempted to measure plasma changes 
during bypass surgery with different types of oxygenator. Pre and 
post operative samples were taken and subjected to a technique which 
involved measuring heart beat and length of survival of foetal hearts 
by organ culture method. The results have so far been inconclusive.
These scanning electron microscope studies of red cell shape have 
shown that the shapes of certain cells change during bypass with blood- 
gas interface oxygenators. The changes are significantly greater than 
found with membrane oxygenators. Hie cause of these changes is not 
totally understood, but several factors which are thought to cause them 
have been considered, and discounted during the study.
There appears to be no single method to establish that the membrane 
oxygenator is superior to the blocd-gas interface oxygenator. Membrane 
oxygenators are being used increasingly for long-term bypass with, 
patients, who have respiratory disorders. They are not widely used for 
support during routine open heart surgery. The bubble oxygenator is 
the most often used method of support during surgery today. This is 
due to the lade of complete proof of superiority of the other types of 
oxygenator and cost. However, the combined results of the tests 
considered do indicate some clinical advantage in that less blood trauma 
appears to occur with membrane oxygenators.
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PLATE 12: Magn 4,800+ • 2 p
Patient K10, 60 minutes bypass
PLATE 9 : Mag" 10,000* *lp
Patient K4, 60 minutes bypass PLATE 10: Mag 10,000-
Patient K14, 60 minutes bypass
H i t
K P  <• 'M
PLATE 13: Mag 10,000- 'ly
PLATE 14: Mag 10,000- -<1m
Patient K9, 81 minutes bypass
Patient K9, 62 minutes bypass
( V , -
FLATt 15: Mag 4,000'
Patient K9, before bypass
■2m PLATE 16: Mag" 20,000 >•
Patient K 9 , 81 minutes bypass
Vm
i Q o
PLATE 1 9 : Mag11 22,000* -ftp
Patient hll, Before bypass
PLATE 2 0 s Mag11 46,000 —  'iP
Patient B12, 100 minutes bypass
I O I
Magn 2 0 ,0 0 0  . . ^p
before bypass
PLATE 2 1 : 
Patient B6, PLATfc 2 2 : Mag 9 , 0 0 0 ------ lp
Patient B7, before bypass
PLATE 2 3 : Mag11 5,000     2p
Patient B4, 30 minutes bypass PLATE 2 4 : Magn 5,000 2p
Patient B3, 45 minutes bypass
PLATE 25: Magn 4, 800 1---- ' 2p
Patient B3, 80 minutes bvDass
PLATE 2 6 : Mag11 10,000  lp
Patient B3, 127 minutes bypass
PLATE 2 7 ; Magn 8,000'----   lp
Patient B5, 103 minutes bypass
PLATE 2 8 ; Magn 1,900 • *4p
Patient 86, 60 minutes bypass
PLATE 29: Maqn 8 , 5 0 0  ' lp  n , „
Patient B3, 60 minutes bypass PLATE 30: Mag 19,000 •
Patient B3, before bypass
PLAT e 31: Mag" 8,00O'—  lp
Patient Kll, 45 minutes bypass PLATE 3 2 : Mag" 4,OuO 2p
Patient r,6, end cf second bypass
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6'S> TRANSMISSION electron microscopy
A primary investigation was carried out on red blood cells using 
the transmission electron microscope to see if this would give more 
detailed information on the structure and condition of the cell membrane 
during bypass. Fixation, dehydration and embedding of biological 
specimens is more critical in T’.E.M. (Glavert 1975). The preservation 
of erythrocyte ultrastructure achieved by various fixatives was reported 
by McMillan (1973).
Hie red cells were fixed with 2% gluteraldehyde in bicarbonate 
buffer-, at pH 7.3 at room temperature for 30 minutes. Hie fixed cells 
were then washed and post-fixed with 1% osmium tetroxide at room 
temperature. This is similar to the method of Marikovsky and Danon 
(1969). The samples were dehydrated and embedded in an epoxy resin 
( C y 2 12 ) • Silver grey sections of approximately 40oR - 600&
thickness were cut with an L.K.B. ultramicrotome and mounted on carbon- 
coated copper grids. The specimens were stained by Urany 1 acetate and 
lead citrate (Reynolds). Micrographs were taken with the SEM 10CB 
electron microscope. The primary results were taken from- samples of 
patients Kll, K12 and K16. It was hoped to relate the S.E.M., T.E.M. 
and other readings with tie blood trauma data. Plate 33 shews a section 
through the centre of the cell indicating the cell shape. The other 
plates indicate the size and thickness of the cell membrane.
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IlG U E B  6.4
TABLE OF BYPASS TIMES FOR THE THREE TYPES OF OXYGENATOR 
EXAMINED DURING THIS STUDY
OXYGENATOR NUMBER
MEAN
MINUTES
S.D.
MINUTES
Bubble 16 132 54
Membrane 8 84 35
Disc 6 50 27
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FIGURE 6.5
ECHINOCYTOGENIC AGENTS
Fatty Acids (Oleate) 
Alkysulfonates 
Dliiydroxybenzenes 
Substituted Benzoates 
Salicylate 
Gentisate 
Etliacrynic Acid 
2 , 4 Dinitrophenol 
Lysolecithin (aged plasma) 
Ethanol 
Butanol 
Bile Acids
Dioxopyrazolidines 
phenylbutazone 
phenopyrazone 
Indcmethacin 
Furosemide 
Barbiturates 
Phloretin 
Phloridzin 
Tannic Acid 
Thiosemicarbazone 
Dipyridamole
Alkylpyridinium chlorides 
Uranyl Salts
From Weed and Chailley 1973.
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FIGURE 6.8
CLINICAL STATES ASSOCIATED WITH ECHINOCYTES
Uremia
Phyruvate Kinase deficiency
lew potassium red cells
Immediately post transfusion
with aged or metabolically depleted blood
Carcinoma of stomach and bleeding peptic ulcers
Cardiac bypass, because lew level of albumen
and slewed clearance of free fatty acids.
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w ith  an example  o f  i t s  p o s s i b l e  use  in  th e  l a b o r a t o r y .
The s t u d y  c o n c l u d e s  w i th  an a ss e s sm e n t  o f  th e  ways in which th e  
f i n d i n g s  c o u l d  be o f  use  t o  t h o s e  i n v o l v e d  in  th e  l a b o r a t o r y  c o u r s e  
and w i t h  a c o n s i d e r a t i o n  o f  t h e i r  v a l u e  t o  t h o s e  ru nning t h e  c o u r s e .
TABLE b .9
PHYSIQLQGIC FACTORS OF RED CELL SHAPE 
Taken from Lessin 1975
1) Physical factors of in vivo circulation:
-  111 -
A Shear forces
B Vessel size and configuration
C Turbulence
D Flew velocity
E Surface contact
F Fibrin and platelet deposition.
2) External physiochemical environment;
A Osmolality
B Lysolecithin
C Cholesterol - LCAT
D Bile acids
E Fatty acids
F Urea
G Temperature
H pH
I Gamma globulin
J Complement
K Cationic substances
L Anionic or amphiphilic agents
M Electrical field charge
N Magnetic field change.
- 113 -
3) Cellular factors and internal milieu;
A Membrane factors
1. Lipid content
2. Lysylphosphatily chlorine (lysolecithin)
3. Cholesterol and lecithin-cholesterol acyl transferase
4. Glycoprotein - oligosaccharide antigers
5. Fibrous proteins (spectrins)
a) polymeric-nonpolymeric structure
b) protein Kinases - c AMP dependent
6. Calcium
7. Magnesium
8. Zinc
9. Lamellar vs micellar organisation of membrane lipids
10. Cation flux and content.
B Membranocytoplasmic interaction and cytoplasmic factors
1. State of haemoglobin, molecular interactions and
haemoglcbin-membrane interactions
a). aggregation
b) polymerization (haemoglobin-haemoglobin interactions)
c) denaturation (Meinz body formation)
d) freedom of molecular motion
2. Corpuscular haemoglobin concentration
3. Metabolic effects
a) glycolytic pathway (A.T.P. generation)
b) hexose-raonophosphate shunt (reduced glutathione).
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OXYGEN TRANSFER EXPERIMENTS
7.1 INTRODUCTION
An Investigation of the mechanics of mass transfer (oxygenation) in 
a flat plate membrane oxygenator was conducted with different flow 
conditions. This study was supported by experimental data of the oxygen 
transfer rates obtained from an experimental flat plate membrane oxygenator 
designed by the author. The experimental results were compared with 
analytic solutions of the equations of motion for the flew in the 
oxygenator which will be called model 3.
Previously experimental work has been carried out In the department on 
flat bed pump-oxygenators (Lcwe 1969, Chapman 1970) and a circular pump 
oxygenator (Higgins 1971). These studies have measured the pumping 
characteristics and oxygen transfer rates experimentally. No supporting 
analytical investigations have been carried out on the hydrodynamic effects 
during the oxygen transfer process. Further understanding of the oxygen 
transfer process may be achieved by an analytical investigation. Such a 
study should indicate the direction of further experimental work on such 
devices. The solution would indicate the importance of the various 
parameters and non-dimensionalgroups, in obtaining higher rates of oxygen 
transfer.
7.2 EXPERIMENTAL OXYGENATOR
Hie experimental oxygenator was designed to study the oxygen transfer 
characteristics under different hydrodynamic flow conditions. Since 
silicone rubber membrane was only available in sheet form, the oxygen 
consisted of two parallel planes, more commonly known as a flat bed 
oxygenator (see Figure 7.1) . Hie construction of the oxygenator allowed 
for variation in the distance between membrane plates (2h) (i.e. variable 
blood film thickness). This was achieved by changing the blood spacer 
at the centre of the oxygenator. These spacers were manufactured In a
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variety of sizes 2 , 3, 5, 6, 10 and 12mm in thicknesses. The oxygenator 
was constructed from perspex which allowed the flcwing fluid to be 
observed during the experiments.
The design of the oxygenator allowed the membrane to be fitted or
removed simply. The overall size of the membrane area was- kept to a
minimum, due to the uncertainty of membrane availability. The surface
2
area of membrane was 0.02m , which was supported in the gas phase by a 
reticulated polyurethane foam. The assembly of the oxygenator is shewn in 
Figure 7.1 which indicates the direction of flow for both gas and blood.
7.3 INSTRUMENTATION (see Figure 7.2)
Oxygen was metered to the gas phase of the oxygenator by flow rate 
meters from a low pressure regulator connected to the gas cylinder. The 
excess oxygen and blood carbon dioxide was vented to the atmosphere frcm 
the gas phase. A  similar metering system was available for carbon 
dioxide and nitrogen to the apparatus.
A roller pump (optical American) with interchangeable pump heads was 
used to pump the fluids. A single roller 3 V  head and a double roller 
7" head provided the appropriate flew range. Flew rate against pump 
speed is shown in Figure 7.3 for -the heads used. Hie tube occlusion was 
set by a standard method of a 24" head of water, allowing no bade flew.
The blood reservoir was a standard blood bank transfer bag (Fenwall 
Laboratories) or bottle. This bag already had connectors provided or a 
blood giving set may be used with the bottle.
Connecting the reservoir, pump and oxygenator were lengths of tygon 
S-50-HL tubing. This is a surgical grade tubing that is non-toxic, non- 
pyrogenic and non-reactive to tissue and blood. Hie overall apparatus 
scheme can be seen in Figure. 7.2. The experiments were conducted at 
constant temperature and the barometric pressure measured. Hiis pressure
-  12$ -
- 12b -
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was used for the purpose of calibrating the blood gas analyser. Blood 
gas pressure measurements were made with mercury filled manometers and 
blood pressure transducers connected to a Honeywell recording monitor.
Changes in P02 were measured across the oxygenator by using a 
Radiometer blood micro system type BMS3. This instrument also measures 
the PCfc>2 and pH of the blood. These factors must be known before the 
oxygen transfer rate may be obtained. The accuracy of the blood gas 
tension measurements (PO2 and PC02) determines the overall accuracy of 
the experiments. Radiometer claim the Po2 and PC02 electrodes have a 
resolution Of 0.1 mmHg and relative accuracy ±0.1 mrrflg. The P02 and PC02 
electrodes may be calibrated by using aqueous solutions or a gas with a 
kncwn partial pressure. There is commonly a difference of +2 - 3% when 
the electrode is in contact with the same gas as used for the equilibration 
of the solution. The electrodes are more sensitive to gas than an aqueous 
solution, but it is easier to calibrate the electrodes with gases. There 
are various methods of calibrating the electrodes, as shown in the 
instruments1 instruction manual. A  two-point gas calibration was generally 
conducted every few hours with checks hourly. A  typical plot of the 
instrument reading P02 against that of gases and aqueous solution P02 is 
given in Figure 7.4. The measurements of P02 +.PCO2 readings are not as 
accurate as stated by the manufacturer. The error was commonly ±3 ninHg 
with the gas calibration readings higher than aqueous solutions.
Blood haematocrits. were determined by a Hawks ley micro-haematocrit 
centrifiucj<s and reader. The red cell morphology was examined and cells
counted using a counting chamber under a Zeiss optical microscope. 
Haemoglobin concentrations were obtained by a colour metric - method using 
a Pye unicam spectrometer.
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7.4 BLOOD PREPARATION
A  supply of fresh bovine blood was arranged from F.M.C. abattoir
- 12a -
(Guildford) . The blood was collected immediately after death from the 
brachio cephalic vein. Hiere was little control over the species of the 
bovine donor. The blood was collected in a two gallon plastic bucket 
vhere the appropriate amount of A.C.D. (anti-coagulant) had been placed 
(see Daice & Lewis 1975). The blood and anti-coagulant were thoroughly 
mixed and an antibiotic added (Tetrocyline) . The haematocrit was 
maintained constantly at 32% Hot, but this was measured on all experiments. 
Initially the blood was filtered through a wire screen and nylon filter. 
This proved not to be necessary and was discontinued later.
Pre-experiment tests were performed on the bovine blood. Samples 
were taken from the blood reservoir by syringe and analysed for pH, PCo2 
and Po2 using the radiometer, blood micro-system, type BMS3. The
haematocrit was checked using the micro-haematocrit method. Other
analyses were made for plasma haemoglobin and total haemoglobin. Both 
of these were performed by colour metric method with a stable 
cyanrnethemoglobin reagent at an absorption wavelength of 54Q j j  m. The red 
cell morphology was examined by using a Zeiss optical microscope.
7.5 EXPERHXEMAL PROCEDURE
The oxygenator was assembled with the membranes in position. The 
technique- of mounting the membrane required more of art than science due 
to its mechanical properties. Hie oxygenator was connected into the 
circuit (see Figure 7.2) and filled with distilled water. This was to 
ensure there were no leaks or pin holes in the membrane, the air bubbles 
were removed from the circuit, simultaneously the gas phase was purged 
with carbon dioxide and nitrogen. Hie various instruments were checked 
and calibrated to ensure no malfunction. Hie circuit was then filled 
with isotonic saline and re-checked for leaks and air bubbles.
The blood reservoir was connected to the pump tubing and blood 
introduced to 'the circuit. When blood had emerged from the exit of the
- I2q -
oxygenator the flow rate and gas were fixed.
Three different types of circuit were used when measuring the oxygen 
transfer, rate of the oxygenator. These consisted of:
a) Standard oxygenator and deoxygenator circuit suggested by 
Galletti and Brecher (1961) and Galletti et al (1971).
b) The single pass circuit where the fluid is fed to the oxygenator 
and then discharged to drain at the outlet. This method was 
used for water. .
c) The closed loop circuit where the transient changes in 
oxygenation are measured. This method only requires a single 
sampling port and the changes in Po2 are plotted against time.
These changes are then plotted as changes in saturation against 
time.
The circuits used are identical in all experiments except for the addition 
of the deoxygenator in the first circuit (a).
After an experiment the oxygenator was dismantled with the circuit. 
All the various components were washed with cold and then hot soapy water. 
Then rinsed in tap water and finally distilled water and dried. The 
other components of the circuit, tubes, bottles etc. were washed in a 
similar manner. All the components were dried before the next experiment.
7.6 -RESULTS
The purpose of the experiments presented in this chapter was to 
measure the oxygen transfer at various blood flow rates' with different 
blood film thicknesses. Hie experiments were conducted at constant rocm 
temperature of 23°C which was easily maintained. Attempts were made to 
conduct these experiments at 37°C, but temperature gradients were found to 
exist at various points in the circuit. It was considered more important 
that the experiments were conducted at constant temperature. This lower
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temperature was maintained - 2°C for all the experiments.
The saturation and oxygen partial pressure of the blood was 
controlled and kept constant before all the experiments. The 
following values of saturation (V) 72% and P 0 2 40 Torr were 
established before conduting experiments. The carbon dioxide 
transfer rate was not calculated during the experiments, but the 
value of PCo2 and pH were measured during the experiments.
The results of the experiments described earlier are shown 
in Figure 7.6 and plotted as oxygen transfer rate per unit area 
against flow rate for various blood film thicknesses in figure 7.5. 
The data points represent the mean of six experiments conducted 
at the appropriate conditions. This graph shows that by increasing 
the flow rate or decreasing the blood film thickness (d) improves 
the transfer rate per unit area of membrane. These experiments 
were conducted with only silicone rubber membrane. The thickness 
of membrane used varied from 0.001" to 0.003"; by changing the 
membrane thickness the overall transfer rate showed small changes, 
indicating that the oxygenator is not membrane limited. This is 
in agreement with published data for laminar flow oxygenators. 
Certain experiments were conducted with the gas pressure increased.. 
The pressure in the gas phase of the oxygenator was held constant 
at 100 mmHg above that of the blood. This did not significantly 
increase the oxygen transfer rate.
- 1 3 1 -
*******
DA
TA
 
OF
 
OX
YG
EN
 
TR
AN
SF
ER
 
E
X
P
E
R
I
M
E
N
T
S
F IGURE 7.6
- I 32-
i
c-i
o
o
r
in
ch
DO
0
IP
J)
_D
i °
CD
JD pvl
ooon
LO
r+on
o
0
in
n~
o
-O
Idj)
in r-J
Oin
o
in
co
o
O
tT
00
o
O-PO
_Q C"J
O .
LO
f+
Hpo
f too
r f
o J) 
(>
»_n n>»
Oo O
Cl
oo
r*
d — ■.
ON
Jdr
03 C"? oo
m
LO
Oo
c+
H
O' H J)
—D ... oo inir+
LO LO
in
o'0
CN oo
C")
in
or+
S>
/+*
cr* J>r+
°  £ 
s ^vJ .£■ -9 o>£ a- o *  o  cd
- I
J_>
£g -S’ 
_c w o
s
<5 mu a
J  erC4- 1
T<- c
d i < i
E-S 
iS  £
£  «-
"S -° Vv/1 , *4J
-<  t_ J-
S 3
g VL) -4- __c:
4-<3
f . L.
o; s p f
JM*
^  3 ? -
-l5° *j 
•d v
Vi) f9» fc
5 O O r-NQJ 1—* 
£
FIGURE 7.6
i
in rO
0
<D
rf
"d~
rro
in
o
c*
0 ^
o
, _£>
o T
O
LO pO
O
Ijo
o
ID
rv
cO
c r
r r
o
r
c r
oo
rO pT>
0
pa
Ch pD
( T
i p
•— ' inI i
FT
r
s> OD
O
m
<fi
oO
H
H c r
6
r~
IP rO
oO
s
J )
of
10 p0
n
ln
— D rO
-D
in
IP
; oo
cN
IP
c r t
i n
•|— * 
m{-
pa
ID
<T
O
0
_ p
I I )
i n
In'... pO
pO
cO
cn
in
i
fl­
ip
oO
i n
CP
<o*
l-f ) m
< T
o i ncO o i
■<dr
l~t~
u -  &  
°  £
s  §vU ,£* 
q)
£ a .  
=> ?<• 
c r  a?
£
-*  I
<U 1 V
£ u sr 
§  .5P 
*
<J JZ
c
<3 3  
<- 8
3  ~  - 2  e r
C4-
^  Ja -  \ £
^ i T
J g  £
j £
*5 -
^  - <  
L-
w %<S 3  
CP
<4- vu C
O . s p £,o <J 5
j;
- X  $ "VO u C J—
m P  9j
=  i
ci  aO «—>y
CL7 -' 
£
- 1 3 4 -
FIGURE 7.6
i
. . .  ,
.. lp (T i
o
o
ID
<H
I P
fO
_ 0 p
o
-d "
( f t
in po
O
o
S
IP
c o
O
'^F
( p
n
o
r
L O pO
O
I P
P*
r ~  
c ^
< P
o
- p
■*h 00
o
o
(jP
j p
CVO
I P
IP
c 4
<P
o
6 0
c 4
&  
°  5
s §
_jq b  
£  a ,  
ft *  
c r  o j
-X3 *  
^  £
"'35 j_>
£  _ST 
C  <30 
<3 *
*
o  ft
£
<3 —J 
u  £
^  e r
C4-
5 ? o "  
jS £
f  i±> 
f t  cS 
F  L*
1 LJ
f t )  <l> 
°  Vv/»
^  -*<  
(_  5S.
u  ^
<s ft
2  UJ• -ft- f
C/3
J —
Q — iu C 
A - s
'I
.o  S = i
^  1 2 :*  -1-1 c3-<a y>
j i P  so 
• Cj  v
>5 % 
->  £
s  °S o  
£
- 1 3 5 -
FIGURE 7.6
!
IP Ln
o
o
xl-
pj
co
H J
j>
cP
o eft
s .Ln
o
O
P
r*
rft O
O
rft
r*
cP
P) m
O
o J)
rft
H
cr
— <P-i)
n
xp ip
! o
or± inr4 1+
H
Lf)
Zd
J) in
o
o n~H
xh
s
pH
NI
pn
10
xP ip
_x>
rH
<P
xj“
P
&
10
xh
10
5 "
J) LP oO_o
w
cr PxT
P 10
rO
in.. in
rft
in
IP
oP xh
p
cD 00
< rft
P
Oo
in
in
r 4
rft
r*
eft
eft
<t
6o
w- Jug
°  g 
s ^O) ■£■ 
o)
£ ^  
ft ?<.
cr f t
- I
d  < 3 0  <3* —■
- * =  ?  o  f t -
£
^  - 1  
< 5  _ Pu a
2 _  
- 2  e r
C 4 -
H €
£
CJ-. \ £
j S  s
s r  ^
^  u *
J3 -o  V v /1
^  - <  
T =>
u  ^<6 ft
«5
Q — u> c f  
o ;  s  p |  
. °  ^  £ 
«A —*
7 9  8  = %
-l3P <u
'g J ?  
0) £ ft £
£ <3
S 73 
£
-1  3 6 -
FIGURE 7.6
i
J) a?
2
0
0
0 IP
pO
pi
L0
oo
0 IP
o o
mD j?
o
o
rr
pH
N
0
J+
— O1+
-JD
oo
<3-
P
P
C"f
o
o
O1 0
J>
.J)
o
m
rA
cr
or
-F+* cr
kT
nT J)
o
cr*
(P
oo no
pn
J3 cD
ro
-X)
o
00
-P
J) <r
p*
$
op.. -JD
P
cr*
<r
r*
r>J pi d
Ln o_0
<a 00
— ! cr
Pi
—
°  £ 
s ^^ c-9 q) £ cm3 Acr cd
^  e
C <X>o *—D= ^o P
m £ H) ' <4—<3 IT'
u  a
i  ®
<- sr
«  o  
i5 "g
J ^ f
£— t—
y
U : §
5  3
2  -uw f-
P
4—*
C+- vu f  
o o f
3  -*TCL
$4 r
= o  8 | -
vj
•d v  
o  -S ?
Vi) %
S o
£
-  m -
FIGURE 7.6
i
'
«
m 0
Oo
O LO
c° <n‘
in
in O
O
o
r7 r«
€0
o  jcn
LT) O
O
in
0 -
oO
6T
Jd
of
'sF O
o
c-n
_9 d3
en
of
o 1
Jd
O Oof
'FT
~S) crof o
°   ^a)
g |_Q o>£ a,
3 7<cr a>
£ 
^  1
4-1
g S’
-*= ^ o ~c
s
<3 -J
a
_ l Qr
C4-
fe H
CL \  £
2 o 
ig"£  
5 ^/y <5 £  <-
"3 -° VsJWl
C- ^ =-
U 5<3 3
__0 ^—^ __cCP ^
a—<}
i, <- M — vu f
*>' S Pfo cS  *A ^=*-*
TO Sfx:
:S C°J}£
np SJ
•Cj v
o ^ ?  
a) % z> £
£ Os
£
8.0 DERIVATION OF A  THEORY FOR TRANSFER OF GAS IN A  FLAT BED
#138
C HAPTER 8
MEMBRANE OXYGENATOR
The basic assumptions for a forced convective mass transfer 
process (oxygenation) were given in Chapter 4, where the oxygen 
haemoglobin continuity equation for the oxgenator was given as:
&
-?‘ = Vy / ( + Hb -froM
3 Ax \ ox A-p i cKapW 4
This non-linear partial differential equation may be rewritten 
in the form:
^  fc* ( J
where
f f i -  ( n - N b V ^ ' l  - - - H
<x '
When l|) is plotted against p we get a sigmoid curve as shown in 
figure 8.1. Over the limited range within which these oxygenators 
are normally used in clinical practice (say .7 to 1 saturation) 
this curve can be approximated by a straight line AC. In that case 
*jj*,and hence §) ( become constant terms, allowing equations (13) to be 
solved. This type of approximation for the combined oxygen will be 
known as the lower bound solution as this should give rise to a lower 
transfer rate because it under-estimates the amount of oxygen 
combined with haemoglobin. An exact value of the §? term has been 
obtained numerically by Qindorf et al (1971). This was achieved 
by using a fourth-order Runga-Kutta numerical technique on a digital 
computer and was found to be 5=1*(4$. The substitution of this value 
in the solution of equations (13) will be known as the exact bound 
solution.
8.1 ANALYSIS MODEL III
Consider oxygen transfer into blood flowing between two flat 
parallel membranes (see Figure 4.2). It is assumed that the flow 
at all values of x is fully developed and laminar. The physical 
properties of blood are constant e.g. (Newtonian). Thus the 
oxygen transfer process may be described
- 137 ~
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by equation (11) as shewn earlier. Let Figure 8.3 describe the 
conditions at one wall of the oxygenator. The t W K n c s s  a w
Concentration cgspgctw
for -fluids bch i*u it  rvu m bec^c).
The bulk of the
concentration changes take place within the concentration boundary layer
(y = Sc) which is much thinner than the velocity boundary layer (y = Sv).
The velocity within the concentration boundary layer may be described by
V - A ^  lAhere A" b  as shewn in figure 8.4. This approximation was . 
shown to be realistic by Lighthill (1950). It is assumed that oxygen
transfer to the blood only takes place between x = o to x = L. Let Po
represent the inlet partial pressure of the oxygen within the fluid atx-0
andWt Pw the oxygen partial pressure at the wall of the oxygenator.
• FIGURE 8»4
CONDITIONS AT THE WALL OF THE OXYGENATOR 
The oxygenation process h<y=> been c U s c n W A  bvjec^ <\Y\on(V!>'') (Chapter 4).
D Vs &P ... (13)
(D by2 bx
let v “ ^  y (15)
Where A is the shear rate at the perpendicular distance (y) from the
wall an A «f> a c o n  cAtxnF w\\h respect h> x .
tcyjaJWi(n>') c<\n be bej frit s>\Wm \ar\V^ meYhoc\ dtsevibeci
bej P a r  *eV<x\
It is assumed that the dimensionless partial pressure profile as 
shown in figure 8.3 is the same for all laminar flows and values 
of x along the wall of an oxygenator. This similarity of profiles 
implies a unique function exists,
Let !") r (,b)
Where P*(x »yO r P
and the dimensionless partial pressure is given 
by P* - r ~ r w  
r P0~ P w
Equation (13) can be rewritten by the substitution of the expression 
of the dimensionless partial pressure P*
d  __ V x  A B *
1  6 y 1
Differentiating P* in equation (16A) with respect to y:
M 3 *  =
Differentiating a second time with respect to y, to obtain a similar 
differential term for the L.H.S. of equation (13A):
Differentiating P* in equation (16A) with respect to x, to obtain 
a similar differential term for the R.H.S. of equation (13A):
i P *  _ M  A ? ‘ ,v
<Jv-j A x
Replace from (16B) and (16C) into equation (13A):
- vx a as = u r  ^p*
g 1* A dc I  ?)
by using equation (15) and equation (16)
From equation (17)
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Therefore the concentration boundary layer development thickness 
is approximately equal to the cube root of the length in the 
direction of flow.
Due regard must be paid to the dimensions in equation (16)
* \ . t
Since lb r —  j \  ~ 5. = L ^
then H  ''(IF' ^  { F T 3)
Equation (18) has.the correct dimensions 
Now let be as shown in equation (18)
(18)
Let
Differentiating P* in equation (18A) with respect to y (
i f *  / k  ;  / A  V '*  V ? *
Ay ^  \ ^  / A \~}
Differentiating with respect to y again
. / p *  ‘ , . . . (l<se)
J y 1  I  3 2 D  ) h /
Differentiating P* in equation (18A) with respect to x
= h i *ill = “ 3  \ \ ' s  h i *  •• • 0 ^ 0
i>X i h  tlx  3 X . X 13 I  D J
substitute (18B) and (18C) into equation (13A)
^  . . 1 /  _  3U _  . 4  4 *> i . 1 r'k ^
then
8 M  /  t  I k  \ A / P
^ 3 C W » ( C > )  ^  $  V*.oJ
V
bp* m ilog   = - n + constant
e b.n 9
and = Ae ri V\lhor£. A is a cons\<xnt, .
bn
Finally by integration,
P* ~ A j e ~1//9 M ® bn + B
*0
Using tlie boundary conditions at Yfee v^,o\\ uuWr\ feofe \^. 
.*. from the above equation B = 1 . At large values of y^  P
A =
" V 1 /9
o
and
n -1/9 n ID 
P* = 1 - / e 'bn
y o
-1 /9  n3 ©
f  e *n
/ n
-1 /9  n3 ® bn? which is an incomplete Gamma
oo
let 8 - ( e
°and is evaluated from tables as shown in Appendix 2.
T
feta M(\5S transfer r a sp e r  unvt 3fe ^
r JQ
b P
b y  y = o
=  - ( P w -  P o )
d P *
b y x = o
bP * b P * =  /  L7
1/3
\ b P *
b y b n &Y \ x D , / bn
bp* _ / u \
1/3 1
b y  1 X D  / a
1/3
Mass transfer rate per unit width (M) =/ Da(Pw-Po)/’ — \
Jo \ xD/
= 0  uj W n  Tj ■^ >°o t
. . . (19)
function (r)
1 bx 
8
By integration
M ~ -  -  D2/3 a (Pw-Po) L2/3 A 5 . .. (20)
2 3
Hie mass transfer rate per unit area
M ( H D 2 j 3 1 U2/3 a (Pw-Po) L’V 3 \ V 3 #..(20A)
V min m2/ 2 p
Mien tlie 3 term is evaluated for a hanogenous fluid, e.g. water, saline {
€ Ration ( 20) or (20A^ has tlie following constant (see Appendix 2.).
M = .807 U2//3 a (Pw-Po) l"1^3 A ^  ...(203)
Equation(20b ) is in agreement with the results of Lighthill■(1950) for heat 
transfer through a laminar boundary layer, which is analogous to mass 
transfer.
From appendix 3, the wall shear rate may besubstituted into 
equation (20^ leading to
( A r i l  d ' M P w - M  L 4 | 33  V *
I p  \ *h I
by re-arranging, it can be shown that
'/•> i \ \ t \ ' lz  i \ x'1
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M - ; f  ( s ] 1 ( u+ ) i k ) J “ lP- p-'
or S h L = K . R v
Where Kisd consVanV cvnA Vnqs tie. Vq\u6 l-\t>4for a horoq^enovje-fbiAWafer).
A limiting condition of such an analysis is that the concentration
boundary layer does not exceed the lialf channel height (h) . This may be 
calculated front the following equation
$c = 1.7 / dT
/  u G
8.2 FLUX THKOUai THE MEMBRANE
Now consider the flow of oxygen through the membrane into the fluid. 
Earlier, the following boundary conditions were stated(Ch
P wall =  P wall
membrane fluid
- 14b -
and
= a.n Dr ^Pf f —a D dPm m —
by y=o by y=o
implying constant wall flux.
The transport across the membrane and interface may be described by 
Fick's law
M = Pm h P | P w ---  ^  ^direction of oxygen
bt . ♦ rx flewt I P membrane
giving Pw  = P5 - ilt . • • • (2P
Pm
From the boundary conditions (2-1) may be substituted into U0B)giving:
M  = .807 D273 a A173 L 73 Pg - Mt  ^ — Po 
Pm
by re-arranging j VgG f \Y\o\\^ get \\\t tVwiS ? G r p £ C  uvut af£a.
M  = .807 D273 A173 L 73 a (Pg-Po)
    ...(2 ?^
1 +[ .807 D273 A173 L 73 at )
Pm
TVus ego^hon(2z) is an ex.<\ct so\vl\on -for cosa'Ss Liom&fe.r rcAc 
bvwtarea \ntc> c\ Viornog'enoos -plvnd VVvro'oc^ Fv a vOCmc-p£.rrA£o\b\e 
vvv^W vK .T fae  t’-er.v, vu\Vm \fe€ W c V v d s  of ff\t d e n o m m a W  
o f  €<yia.\’iovi( 2 f€ f^es6v\ts, tW confv\b\)Wta o f  flat f'attabrnvat. Sivact
" r  ^  ? T * 1' c o m P a r e c \ 1‘o o n e ) w c  can e o n d o A t  I W m s m b
Oi-Krs dWV r c d s W t e  fb  I V  ov)ero\\ U ^ ^ p ^ c e
€ r a W ( 2 2 ) b f e  s V p \ \ f c A  Q s f o M o w s - .
R M £  
VOC£S£.
M  = - s o a  d /s  A "^  J _  d  ( P a - p. )  •••(I?)
i >
8 * 3 THE ENTRANCE REGION
The analysis undertaken in section 8.1 only considered 
the fluid flow to be fully developed. This implies t W  tV\eviscous 
forces are fully developed and the velocity profile vs 
parabolic. When a fluid enters an oxygenator a viscous 
boundary layer will be formed along each wall. The fluid next to 
the wall adheres, causing the velocity of adjoining fluid 
layers to be reduced from the free stream value by the viscous 
effects. The velocity within the viscous boundary layer varies 
from zero at the wall to the free stream value at the edge of 
the boundary layer. The Melachlu <xt \V\e\iJetof tVie. channel . 
(Oxygenator') ui crGSowxtA Vo h e  i^a,rck.\Ve\ amA urT'forwv Vo oA\ OOJ 
CXrqo^ Ljsis A further assumption is that the fluid
outside the viscous boundary layer is uniform in velocity at
ftft
any cross section of flow. Again, this is a realistic 
assumption for flow over a flat plate, but not for channel 
flow. Since the volume of flow must be constant at all cross 
sections with a reduced velocity near the wall the free stream 
val ue must increase. With developing viscous forces the wall 
shear stress is not a constant, but varies with downstream 
d i s t a n c e .
At some finite distance from the entrance the change in 
axial velocity with x at all values of y will be small, then 
the velocity profile is said to be fully developed and the 
wall shear stress becomes a constant. Flow in the inlet 
length of a straight channel was examined by Schlichting 
(1960).
The local shear stress at the wall in the entrance 
region may be given by (Blasius p r o f i l e ) .
The oxygon-haemoglob.in continuity equation may be 
written as described earlier by equa tion (13A).
JB f e f  > V x . d P * __________________________________  . h)
£  b 'j . A x  : V 3 *)
As described in section 8.1;
 —  o s v
Where T may be given by
X  = - 3 3 + / *  K k - ------------------------------------- — ( 2 4 )
Then by substituting(24)into(15) and finally into (l3Fl) gives 
o *  . r 1 \ *•
D. i j )  ■532. U q  r  (2 5 )
$  B y  J Z Z x T  B x
A solution to equation I 2.5) may be obtained by using a
"similarity method" as described and used in section 8.1.
For the sake of brevity only the salient points will be outline
\
From this solution it may be shown that d ^ X  . Therefore the 
concentration boundary layer development thickness is approxi­
mately equal to the square root of the length in the direction 
of flow.
The dimensionless partial pressure P* is given by
3
*  , (  ~ 'ft
P = I ~  J o  €  fe   : (at)
D
0O ~ k | 3 (f)
|^t f   ^ ; 10 tare, so p ’^esfof \he entrapce
TG^ori.  is an incom plete  Gc\mmq 'function(T) and 13
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Figure 8.5
Velocity distribution for laminar flow in 
the entrance region'of a channel 
(Schlichting 1960)
«so\vjec\ in app'cn<Ai> 2.
Finally the mass transfer rate per unit width:
M =  ~  ( P w - T o )  2 / U o x \ ' 2' /feV3
- 1 5 0 -
M f t  D
The di.nensionUss form, follqws as
d ' s
|  F O  F <0      ( 2 & )
P &
which was in agreement with results obtained by Eckert and 
Drake, (1972) , Kestin and Persen (1962) and Schlichting (1952
.8.4 MATCHING AND COMPARISONS OF SOLUTIONS
At some distance (Xt ) downstream of the entrance, the 
analysis shown in Section 8.1 will be applicable until the 
given limitations apply. But for the entrance until this 
transition distance (XT) equation( 27) is valid. Therefore by 
matching the solutions this transition distance (Xt ) may be 
obtained. Figure 8.5 taken from Schlichting (1960) shows the 
velocity distribution for laminar flow in the inlet section of 
a c h a n n e l .
(A) ENTRANCE REGION
The solution given earlier in section <8.3 was based upon 
the following equation for the local wall shear stressj
i >  ; « 2 U « J I S ---------------------------- ( 2 ^
for the developing viscous forces within the entrance region.
(B) FULLY D E VELOPED VELOCITY PROFILE
This assumes the viscous forces are fully developed and 
the wall shear stress is a constant as shown in appendix 3.
From appendix 3, ^ 3 U  F o  _________________
(C) MATCHING SOLUTIONS
To ensure there is continuity of,-the solutions, the wall 
shear s t r e s ^ Q m a y  be matched. Consider a point where the local 
shear stress at the wall of both solutions have the same value,
i.e. the developing viscous forces meet the fully developed 
viscous forces.
Therefore from equations (24^ and (29^
i >  =  S j a j / o     /3o')
a  x T
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re-arranging gives
U . K  5
Equation(31^has the same dimensionless group as given in 
figure 8.5, if multiplied by 100.
X  = ' 0 ° A X r  = 1 - 2 2 ---------------------------{ Z 2 \
\j0 J  '
From figure 8.5 it may be seen that the value of X obtained 
from(32')is smaller'than indicated for fully developed flow. 
From this simple matching it will be assumed that equation 
(2>'|is valid for X  ~ 1 O Q  ~^T ^  \.Q1
u D w-
Using the data given in chapter 7, typical values of U 0 and h 
may be obtained.
V .c y U 0 r ■= \ rv>rv\jc,
{ o r  Vj ~ \ p o tva  
Y d  J  ~ nurrv
Before l\ comparison of the solutions may be made, continuity 
of the concentration boundary layer thickness must be matched.
A schematic diagram of this matching is shown in figure 8.6 
Schematic d i a g r a m  of matched concentration boundary layer thickness
•The growth of the concentration boundary layer was initially
describing ' B' must be obtained. This length was designated 
.osX^ and ensures a smooth transition from the solution given 
by e q u a t i o n (27) to equat i o n ! 20).
(E>) COMPARISON
The ideal solution to describe the mass transfer rate 
into the fluid should incorporate bi-th equation (27) and (20), 
When a fluid enters an oxygenator both the viscous and 
concentration boundary layers are growing, this development 
may be described by equation(2 7). Whereas equation (2o) describes 
the conditions when the viscous forces are fully developed and 
the concentration layer is still growing. This second regime
^  ^  *’ i •
is dependant upon the Schmidt number ( b c so) which indicates 
the growth of the concentration layer to the viscous boundary 
layer, i.e. when Sc=l both layers develop at the same rate.
T ^]— 7— 7— 7_ ? 7 7 7-- 7
I t
7 7 7
Figure 8.6
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For such fluids as blood where Sc=500, the concentration boundary 
growth is very much slower than the viscous boundary layer. Generali
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A  comparison was made of the differences between using equation (20) 
to combining equation (20) and (27) to describe the transfer process 
in the oxygenator. The results and parameters used in this 
comparison are given in figure 8.7. The following values of the 
other parameters used for these calculations are given below, for 
further details see chapter 9.
Also the dimensions of the oxygenator are given in Chapter 7. These 
results show the error to be small, less than 2% for assuming the
This appraisement of equation (20) compared to combining equation 
(20) and (27) indicates that by assuming the viscous forces are 
fully developed for the complete length of the oxygenator is accurate 
to within 2% when calculating the oxygen transfer rate per unit area.
8.5 COMMENTS
The analysis within-this chapter describes the mass transfer process 
through a semi-permeable membrane into a flowing fluid. The 
analysis was limited to flow, with the viscous forces developing 
and fully developed. Section 8.4 compared a solution using the 
appropriate equation for developed and developing forces against 
fully developed flow.- The latter which was simpler had an error 
of 2%. Hence equation (20) or (20A) may be used to describe the 
oxygenation and may be assumed to be accurate to within 2%: its 
advantage is not only in its simplicity but in not requiring any 
calculation of developing lengths or effective origins. The wall 
shear rate may be calculated simply as described in cappendix 3.
this second regime is of considerable length.
fluid flow Is .fully developed for the entire length of the oxygenator
1*55
However, there is a further set of conditions which are 
not covered by the preceding analysis. Where the viscous 
and concentration boundary layers become fully developed.
. For such conditions to prevail with blood the path length
must be considerable due to the high Schmidt number 
In practical oxygenators, these conditions do not become 
established, due to the reduction in transfer and increased 
surface area of membrane required. Also blood contact area is 
usually kept to a minimum to reduce trauma as described 
earlier. Most; membrane oxygenators under investigation, 
incorporate some design features which by passive or.active 
means promote mixing to augment gas transfer as described in 
chapter 4 .
The effectiveness of these devices is well documented 
by Chang & MacKross (1971), Melrose (1972), Cantekin (1975) and 
Gay lor (1973), , '
- 1'A - 
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COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS
9.1 APPLICATION OF MODEL 3 THEORY TO BLOOD OXYGENATION
The diffusivity of oxygen in blood and blood constituents has been 
measured by a number of workers. Experimental evidence of the 
applicability of homogenous chemical reaction to represent whole blood has 
been reported by Hershey and Karhan (1968) . Their results are shewn in 
Figure 9.1 with calculated values of the diffusion coefficient of oxygen 
for whole blood. The equation of the least square line drawn through the 
points in Figure 9.1 is:
D = (1.98 - 0.0085H) x lo"5 cm2/sec
Where D is the diffusion coefficient for whole blood at 25°C and H is the 
haematocrit. This shews that the value of the diffusion coefficient 
decreases with increasing haematocrit. Hershey et al (1967) has 
previously studied the diffusion of oxygen in falling films of whole blood
in a wetted-wall column. The value obtained for the diffusion coefficient
2 oof whole blood was 2.1 x 10 cm /sec at a temperature of 30 C. Other
irpre elegant studies have been conducted by Spaeth and Friedlander (1967).
Their theoretical and experimental studies gave the following values, for
- 5 2  - 5 2cells D02 = 0.53 x 10 can /sec and 1.5 x 10 an /sec for plasma 02
diffusivity at 37°C. Hie diffusion coefficient values used were taken ■
from Figure 9.1 for my own theoretical analysis.
Hiere is good agreement in reported values of the solubility of
oxygen in plasma. The value of oxygen solubility in plasma was taken as
a = 3 x 10“5 cm3 02 (S.T.P.)
-
an liquid imiHg
(Cotton and Drake 1971, Semby and Grimsrud 1974, Spaeth and Friedlander
1967.)
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- 151 ~
y u sv o\n •2-25
Co £ ff\ci9v\t 2 -00
*  icfs
*1 1-75c.rv\
s«c 1-50
1-25
1-00
0 10 20 3 0  40
Ha£tn<\t"bcr\!r Vo
£ f f e c t  o f  r Aj QporA th e  A\ffq>S\ovi c o e f f ic ie n t
oF bW<A at  15 °C ( H e r s W s ^  g<v\^  VLgvrFcN^
K i ^ r c  < H
V,
T
ra
n
sf
e
r 
ra
te
 
v 
s 
s
h
6 
ar
 
n\
te
 
aV
\h
 
t 
wo
W 
aA
fe 
f
°
r b
\
oo
A
- lb s  -
\/\/ U\W
Fi'gwi-e 3  ‘2
W
a
ll
st
a
a
r 
ra
te
 
(
'/
s'
)
- L59 -
-cro
o
IH
oy
c
fe
U/ I
_^lV*
<5
Z
s/l
:»
?
A
(J )
I !
h M
0 7 oe o z
,vu vnvy
01
t ▼ V» w » w  I
X t w  T ' 0J X 5 W j l
F v ^ u r e  fe*3>
sn
J ?c*
u
s
x:
<j)
<5
A. Lower Bound Solution (Line AC of Figure 8.1)
The value of the combined oxygen (ID) must be established before values of
oxygen uptake may be obtained.
Fran equation (14) ffl = 1 +' Nb df
a dp
Where di/dp is the slope of the equilibrium.
Line AC (See Figure 8.1)
3
Kb = 1.34 x Hb = oxygen capacity of blood cm 0^ at saturation/ 
cm3 liquid.
3
Where hb (g/m ) is the haemoglcfoin concentration.
3
The concentration of haemoglobin was taken to be constant at .148 gm/cm
- 5 3 3  - 5
and a= 3.0 x 10 cm 02 S.T.P./cm liquid imilg, with D as 1.75 x 10 
cm3/sec.
Hie results are plotted in Figure 9.2 and 9.3 as oxygen uptake M
j  ML02 \ against wall shear rate X (1/sec).
V min M2,/
Hie experimental results from Figure 8.1 are plotted on this graph. Hie 
equation for wall shear rate is given in Appendix 2.
B. Exact Bound Solution
As stated earlier, the exact bound solution of the combined oxygen 
term (ffl) has been obtained by Dindorf et al (1971) and also given by 
Lightfoot (1974). This value (ffl = 7.048) has been substituted into 
equation (20A) .
Figures 9 . 2 and 9. 3 shew the solutions to the equation. These are
plotted with the lower bound solution results and experimental data for
the varied blood film thickness. Hie experimental data can be seen to 
collapse into a single curve, which is the same shape and order of 
magnitude as the exact and lower bound solutions. . Hie oxygen uptake 
increases with higher wall shear rates.
-  160 ~
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9.2 APPLICATION OF MODEL 3 THEORY TO WATER OXYGENATION
The diffusivity and solubility of oxygen in water is well documented. 
A  comparison of published values of the diffusion coefficient of oxygen 
' in water at 25°C is shewn belcw.
-5 2Workers D x 10 cm /sec
Kolthoff I.M., Izutsu I. (1964) 1.96
Stein, T.R. 2.06
Gubbins K.E., Walker R.D. (1965) 1.90
Keller K.H., Friedlander .(1966) 2.05
Hershey D, Karhan T. (1968) 2.20
Mean = 2.004
-5The diffusion coefficient of oxygen in water was taken to be 2.0 x 10 
cm2/sec.
The solubility of oxygen in water is temperature dependant and plotted 
in Figure 9.4. Values of solubility were taken from this graph.
The following equation;
V* *P = D *2P
r  7 2
describes the motion of a homogenous fluid (e.g. water) in the oxygenator. 
This equation of motion may be solved in a similar method to that used in 
the previous section. The uncomplete gamma function 3 may be solved with 
the aid of tables as shown in Appendix Z . This leads to equation (23).
M  = .807 D2/3 a (Pg - Po) l T 1/3 \1/3 ...(23)
The graph of this equation for water is given in Figure 9.5. The 
experimental data obtained for water in the oxygenator is plotted for the 
various distances between membranes. The inlet oxygen partial pressure 
was kept constant at 150 mmHg with the supply gas oxygen partial pressure 
being 720 rmnHg. Equation 22 is an exact solution for the mass transfer 
into. the fluid including the properties of the membrane. The data points
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represent the mean of six experiments with the error bars equal to one 
standard deviation.
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9.3 COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS WITH PUBLISHED 
WORK
Results are published in many different forms. Hie variables used 
vary considerably as shown in Chapter 4. Equation (20) may be re­
arranged by substituting the following:
•X = feQ from Appendix 3.
bd2and
1 D
Sc Re Pe Ud
This leads to:
M  2.932 ml/3 ,AT^  ( h D—  = /o .ffl . a (AP) .
Q 4 7 I h U
2/3
Wliere AP is (Pg - Po) and U the mean velocity. For the comparison of the
t r)
water results ffl is zero. By plotting M/0 agaiist the results may be
hTJ
compared with the results of Semby & Grirasrud (1974). X* = L D is
Uh2
defined as a dimensionless distance. This dimensionless group was used
initially by Graetz in 1883 when studying heat transfer in the entrance
region of laminar duct flow. Later, Nusselt, unaware of this solution by
Graetz, solved the problem once more in considerable detail. The
dimensionless group Gr = 1 L is frequently referred to as the
ReSc d
Graetz number. Tlie analysis of Graetz and Nusselt are given by Eckert 
and Drake (1972).
A  comparison of the findings of Semby and Grirasrud (1974) with 
model 3 upper and lower bound solutions’ is given in Figure 9.6 for blood. 
The exact bound solution over-estimates the value M/Q for the same 
dimensionless length X*. The lower bound solution is in good agreement 
with the theoretical and experimental results. The results for blood 
arise frcm the conditions as stated in Figure 9.6. Their results
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(Semby and Grimsrud) for water are compared in Figure 9.7. There is 
again good agreement between the results of model 3 and the theoretical 
and experimental results for the same conditions. Results for both 
water and blood in experiments with laminar flow ogyenators agree well 
with the results of model 3. Reported experiment results for different 
membrane oxygenators are compared with the mathematical model 3, exact 
bound solution in Figures 9.8 and 9.9. Figure 9.8 shows the results
published by Edwards Laboratories for the Lande-Edwards membrane oxygenator. 
The model results are based on the dimension measured for such an 
oxygenator.
Figure 9.9 compares the Dow 
results published by Dutton et al 
conditions. In both Figure 9.8 
estimated at higher flow rates, 
either comparison.
The torsional oscillating membrane oxygenator developed by Drinker 
et al (1969) has improved gas transfer efficiency. This improvement is 
claimed to be due to the superposition of secondary flow patterns, which 
create convective mixing within the blood. Results of this type of 
oxygenator were shown in Figure 4.14. Where transfer rate increases 
with tube wall velocity (r.m.s.). This gives rise to the question,
"What is the magnitude of the wall shear rate ?".
This type of oxygenator may be approximated by a system of two flat 
plates with one in simple harmonic motion. From the Naiver stokes 
equation the velocity profile and gradient are (Schlichting 1951).
~ = A  s in  (wt + -0)
■Cosh 2RY + Cos 2RY
A = Cosh 2R + Cos 2R
- lfc$ -
Coming hollow fibre membrane oxygenator 
(1971) with the model for similar blood 
and 9.9 the oxygen uptake is under- 
Hie error is not significantly large in
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Where Y = Y/B and R = W
>T 2V
The frequency of oscillation is W, the gap width is 2B .and the maximum 
velocity of the oscillating plate is U.
—*— *=-- u
2 B  N W  i d )
Diagram of approximate system used to describe the oxygenator
Hie wall shear rate is
dy U
dy y=o B
dA sin (wt + 0) + A  d0 cos (wt + 0)
dy y=o
The time average wall shear rate was computed for the. oxygenator. The 
values are plotted in Figure 9.10 against 'the measured oxygen uptake.
Hie mean value of tube radius was used to compute these results. The 
values of wall shear rate calculated for 'the torsional oscillating membrane 
oxygenator were an order of magnitude higher than the static membrane 
oxygenator. On the same figure the results of the model 3 exact bound 
solution are plotted for comparative purposes. It must be remembered that 
the analysis (model 3) is for a laminar flow oxygenator, not an 
oscillating oxygenator. As expected, model 3 underestimates the oxygen 
uptake by 60%. Hiis is probably due to the presence of secondary flows as 
observed by Drinker et al (1969), causing additional convective transfer 
due to mixing within the fluid. The analysis (model 3) assumes blood to 
be homogenous, which is a reasonable approximation for laminar flow, but 
this would not be true for a system with secondary flows. In such flows 
the relative motion between red cells and plasma may be important. 
Collingham (1968) suggested that at high rates of shear (above 1000 sec 7) 
the diffusivity of a particle la .den fluid increases. The results
- lix-
Collingham predicted for blood were later found to be unrealistic 
(Keller 1971). Keller suggested a further model for the particle- 
induced diffusivity which is-dependant upon the rotation frequency of the 
red cell.
9.4 COMMENTS
In the previous chapters various mathematical models were discussed 
and tliis section of the work has been concerned with an investigation into 
the mechanics of mass transfer. The experimental and theoretical 
investigations were concerned with laminar flow devices only. The 
"similarity method" used to obtain a solution to the equations of motion 
for flew in the oxygenator proved to be a realistic model for the 
oxygenation process. Tne effects of the chemical reactions were isolated 
from the flow conditions and geometry. Values of (D are dependant upon 
the chemical composition of blood and oxygen tension used in conjunction 
with the oxygen-haemoglabin equilibrium diagram. This allows water to be 
used to predict the performance of laminar flow membrane oxygenators using 
the same solution as blood. As a result, it was found that water may be 
used to test the performance of an oxygenator prior to bypass. It may 
also be useful as a quality control test by the manufacturer in cases 
where use of blood would be detrimental to the oxygenator.
The Solution confirms that most axial flow oxygenators are not 
membrane limited so that increasing membrane thickness - has only a small 
effect on oxygen uptake. Hence the possibility of pin holes or rupture 
of the membrane may be reduced by increasing its thickness without reducing 
performance.
The non-dimensional solution equation (20C) shews the importance of 
Reynolds number to the transfer process. The wall shear rate allowed the 
experimental data to be collapsed onto a single curve. The solution
- 113- -
allows information concerning the gecmetry of the membrane area to be 
obtained to maximize the oxygen transfer rate. One possible method of 
increasing the transfer rate is by causing the flow to become turbulent. 
This would increase the local shear stress and reduce the boundary layer 
thickness. Turbulent diffusion of water into air has been studied by 
Malhotra and' Cermak (1964) . Hie work of Owen (1969) may be used to 
examine the response of the red cell to turbulent eddies and the conditions 
for the various forces causing shear and spin. Appendix 4 shows the 
average Sherwood number for various flow conditions. These results are 
taken from the work of Kestin and Persen (1962) for heat transfer across 
a turbulent boundary layer.
*********
CHAPTER 10- 
CONCLUSIONS
In the earlier chapters of this thesis the importance of blood trauma 
was outlined and a considerable part of ‘the work was concerned with 
investigating changes in red cell morphology. The scanning electron 
microscope technique described is not claimed to be suitable for accurate 
quantification of blood trauma. However, it may help,in conjunction with 
other-tests, to clarify our understanding of the problems associated with 
blood trauma. Micrographs obtained frcm the S.E.M. gave detailed 
information on the.shape, size and surface topography of the cells, which 
cannot be obtained by the more' conventional biochemical techniques. An
S.E.M. study allows observations of the effects on the red cell of the 
various physical and cliemical actions. Results obtained frcm patients 
undergoing open heart surgery with various types of oxygenators demonstrated 
cell changes which were less prominent in the membrane oxygenator than the 
bubble or disc oxygenator.
The remaining work was more of an engineering than a biological 
exercise. It was concerned with the oxygen transfer characteristics of a 
laminar flow oxygenator. A  "similarity method" as used, for example, in 
laminar boundary layer theory, provided a solution to the equations of 
motion for flow in these oxygenators. Data obtained from the experimental 
membrane oxygenator agreed well with the analytical solution for both water 
and blood.. Agreement was also found with published data obtained both by 
experimental and numerical methods.
This solution showed the importance of various parameters*'and non- 
dimensional groups in such a device. These included the effect of 
changing the membrane thickness and. confirmed that most axial flow 
oxygenators are not membrane limited. The results of the work reinforce 
the view that water may be satisfactorily used to predict and test the 
performance of membrane oxygenators.
-  i> 4  -
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Scope for future work exists in both blood trauma and oxygenation 
problems. Investigations should be conducted into the cause of the 
observed changes in red cell shape, including both physical and chemical 
parameters. To improve the oxygenation characteristics of membrane 
oxygenators more complex flew conditions must be examined with analytical • 
and experimental investigations. The particle la.den properties of the 
blood should be taken into account in such a study.
*********
APPENDIX I
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NEW
TERMINOLOGY
Discoyte
Echinocyte
(I-III)
Acanthocyte
Stomatocyte
(I-III)
Spherocyte
NOMENCLATURE OF - COMMON RED CELL SHAPES 
(Lessin et al 1975)
OLD CLINICAL
TERMINOLOGY DESCRIPTION STATES
Biconcave Disc Disc form of RBC 
with two concentric 
concavities.
"Burr cell", 
Crenated cell, 
"Berry cell"
Spiculated RBC with 
short, equally 
spaced projections 
over entire surface; 
progressing from the 
"crenated disc" 
(echinocyte I) to 
the crenated sphere 
(echinocyte IV) with 
near complete loss 
of spicules.
Uremia
Pyruvate kinase 
deficiency 
Low potassium 
red cells 
Immediately 
posttransfusion 
with aged or 
iretabolically 
depleted blood 
Carcinoma of 
stomach, and 
bleeding peptic 
ulcers.
"Spur cell", 
Acanthoid cell
Irregularly 
spiculated RBC with 
projections of 
varying length and 
position.
Abetalipoprotein- 
emia 
Alcoholic liver 
disease 
Postsplenectomy 
state 
Mai absorptive 
states.
Mouth cell, 
Cup-form, 
Mushroom cap, 
Uniconcave disc
Bowl-shaped RBC 
with single 
concavity 
progressing from 
shallow bowl (I) to 
near sphere with 
small dimple. (Seen 
as mouth-shaped 
form in peripheral 
smear.
Hereditary 
stcmatocytosis 
Alcoholism, 
cirrhosis, 
obstructive 
liver disease 
Erythrocyte 
sodiurn-pump 
defect
Spherocyte, 
Prelytic sphere, 
Microspherocyte
Spherical RBC with 
dense hemoglobin 
content; (SEM 
shows a persistent 
minimal dimple).
Hereditary 
spherocytos is 
(cells actually 
spherostomato- 
cytes)
Immune hemolytic 
anemia 
Posttransfusion 
Heinz body 
hemolytic 
anemia 
Water-dilution 
hemolysis 
Fragmentation 
hemolysis.
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NEW
TERMINOLOGY
Schizocyte
Elliptocyte
Drepanocyte
Codocyte
Dacryocyte
Leptocyte
OLD
TERMINOLOGY
Schistocyte, 
Helmet cell, 
Fragmented cell
DESCRIPTION
Split EBC, often 
showing half-disc 
shape with two or 
three pointed 
extremities; may 
be small,irregular 
fragment.
CLINICAL
STATES
Microangiopathic 
hemolytic 
anaemia (TIP, 
DIC, vasculitis, 
glomerulone­
phritis, renal- 
graft rejection) 
Heart-valve 
hemolysis 
(prosthetic or 
pathologic • 
valves)
Severe burns 
March hemoglobin­
uria.
Ovalocyte Oval to elongated 
ellipsoid cell 
(with polarization 
of hemoglobin).
Hereditary 
elliptocytosis 
Thalassemia 
Iron deficiency 
I-yelophthistic 
anaemias 
Megaloblastic 
anaemias.
Sickle cell
Target cell
Teardrop cell, 
Tennis racket cell, 
Poikilocyte
Cells containing 
polymerized 
hemoglobin-S 
showing varying 
shapes from 
biopolar
spiculated forms to 
holly-leaf and 
irregularly 
spiculated forms.
Oh SEM examination, 
these bell-shaped 
cells assume a 
target shape on 
dried films of 
blood.
Cells with a 
single, elongated 
or pointed 
extremity.
Sickle-cell dis­
orders (SS,
S-trait, SC, SD 
S-thalassemia 
etc.) 
Hemoglobinopathy 
C-Harlem 
Hemoglobin 
Memphis/S.
Obstructive liver 
disease 
Hemoglobinopath­
ies (S, C) 
Thalassemia 
Iron deficiency 
Postsplenectomy .
state 
LCAT deficiency.
Myelofibrosis 
with myeloid 
metaplasia 
Myclophthistic 
anaemias 
Thalassemias.
Thin cell, 
Wafer cell
Thin, flat cell 
with hemoglobin at 
periphery.
Thalassemia 
Obstructive liver 
disease (- iron 
deficiency).
*********
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APPENDIX 2
GAMMA FUNCTION
A Gamma function r (x) may be defined by;
(x) = f t .  X“1 dt
o
(Stephenson 1961)
(A) For Water
■  7O e -1/9 n3 dn
l 3 
Put W  = i  n
, 3w 3dw ~ /0
dn = ~2 = W  2/3
n
co f
7  -f  9o
0 -2/3 ~wg 2/3 w  ' e dw
3 r A
c . 2 / 3  3
91/3 r (4/3) • = x .893 from tables
6 =  1.86
(B) For Blood
CO.
=  /
e -ID/9 n3 dn
T 4- TT 2) TLet W =
o
3n 
9
dw _ CD 7  
dn “ 3
dn 3dw
Hn (n)2
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d n
3 dw
CD 9w 2/3 
CD
d n  = 3 dw
CD 1/3 Q 2/3
,2/3 gjl/3
-2/3 ~w w e dw
91/3 r 4 
773 3
1.86
CD'1/3
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WALL SHEAR RATE FOR LAMINAR FLCM BETWEEN INFINITELY WIDE PARALLEL PLATES
From the x direction components of the Navier stokes equations, the 
velocity (v) is given by:
v  = f e  ( s )  ' y 2 - dy> — a)
' J \ ;V ' ' 
v ..  width of plates b
The flow rate (Q) may be given by:
Q = 7  u b  d y
QJ
leading to:
Q = fe) ...(2)
APPENDIX 3
12y \dx
i du | d /dP i9lves hr; , .,= n  =  hr: •••U)
let y = d (upper wall)
) _
dyj  wall 2y \dx
Ccmbining (2) and (3) gives
6.u) _ 6Q
dy/ wall . m 3 (4)
Aquation (4) allows tiie wall shear rate wall to be ^ouncl ^or ^ ie
:low rate in the oxygenator.
*********
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PHYSICAL CHANGES TO RED BLOOD CELLS IN 
EXTRA-CORPOREAL CIRCUITS
P.J. Wason and J. Edwards
Biomedical Engineering Division, Mechanical Engineering 
Department, University of Surrey
A popular concept of the damage suffered by blood when it is 
passed through an extra corporeal circuit for an extended 
period of time is that it involves, amongst other things, 
rupture of the erythrocyte. Observations under the light- 
microscope suggest that this may be an over-simplification. 
Therefore, the present investigation was aimed at providing a 
more detailed understanding of the physical changes occurring 
in the red blood cell during heart-lung by-pass. These 
changes were studied by scanning electron microscopy.
In order to minimise the possibility of introducing artifacts 
during preparation of blood samples for electron microscopy, 
a preliminary investigation was carried out to optimize the 
method of fixation and dessication. By means of this 
technique, samples of blood were examined which had been taken 
at intervals from patients undergoing by-pass surgery and also 
from bench circuits in the laboratory.
The results demonstrated changes in the size, shape and 
surface roughness of the red blood cells which became more 
pronounced as the time on by-pass increased. These changes 
will be described by means of micrographs.
